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ABSTRACT OF THESIS
Energy and Economic Modeling
of Stillage Dewatering Processes
in Kentucky Bourbon Distilleries
Stillage is a byproduct of alcohol distillation and must be managed in all distilleries
to sustain operations. In the United States, fuel ethanol plants typically convert all stillage
into Dried Distillers’ Grains with Solubles (DDGS). This process and its variations are well
known. Typical stillage management approaches are not well known, however, for the
Kentucky bourbon industry. A survey of stillage management approaches in operational
bourbon distilleries was conducted. Process modeling was performed to evaluate the
energy and economic considerations of the available stillage dewatering methods for a 7
Million Original Proof Gallon (MMOPG) distillery. Monte Carlo simulations were
performed to evaluate the uncertainty in key economic parameters associated with each
stillage dewatering approach. It was found that Kentucky bourbon distilleries smaller than
6 MMOPG tend not to dewater stillage, and instead only sell whole stillage. Distilleries
larger than 7.5 MMOPG use traditional dewatering methods, but only process some whole
stillage and sell a variety of spent grains byproducts instead of solely selling DDGS. It was
found that it is most economically advantageous for both the business and society for a 7
MMOPG distillery to process all whole stillage into DDGS. The modeled approaches
which most closely represent those used by larger bourbon distilleries have the worst
economic outcomes.
KEYWORDS: bourbon, whiskey, stillage, distillery, spent grains
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CHAPTER 1. INTRODUCTION
1.1

Background

A simplified process flow diagram of a bourbon distillery is presented in Figure 1-1. A
mixture of grains, primarily corn, is ground, mixed with water, and cooked. This cooking
process, also called mashing, extracts starch from the grains and converts it into simpler
sugars. The resulting mash is then fermented, as yeast consume the simple sugars and
convert them into ethanol and CO2. This produces a beer of approximately 8% alcohol by
volume, sometimes higher, that is then distilled. During distillation, most of the alcohol
and some of the water is removed as low wine. Low wine is typically distilled again in a
separate still to remove undesirable flavor compounds, watered down to a target proof,
barreled, and aged into bourbon or other whiskey. Whole stillage, which comprises all the
solids and most of the water contained in the beer, is a byproduct of distillation.

Figure 1-1: Simplified Process Flow Diagram of a Bourbon Distillery
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While starches are broken down into sugars, converted into ethanol, and removed, all other
nutritional content of the grains remains in whole stillage. Accordingly, whole stillage has
a very high moisture content and relatively high concentrations of protein, fat, and fiber.
This nutritional composition makes stillage a useful supplement to cattle diets [1]. Due to
its high water content, approximately 87% total weight for corn stillage, whole stillage has
a low shelf-stability and is costly to transport [2]. This reduces the market of potential
stillage buyers to farmers within approximately 35-50 miles of a distillery [3]. The volume
of whole stillage produced and the small market of potential buyers drive the price of whole
stillage down, such that distillers must often to pay farmers to haul the stillage away [4].
Discharging stillage as wastewater would be costly due to its high Biochemical Oxygen
Demand (BOD) [5] [6], and many bourbon distilleries do not have local wastewater
treatment plants capable of processing such large volumes of high-BOD waste [4].
If a distillery is unable to sell or otherwise dispose of enough whole stillage, they may be
forced to stop operations to prevent their whole stillage tanks from overflowing. This risk
to production, as well as the cost of whole stillage removal, lead many distilleries to pursue
processes of dewatering whole stillage to add value. These processes are commonly
referred to collectively as a dry house. A simplified process diagram of a typical complete
dry house is presented in Figure 1-2. Whole stillage is centrifuged to create thin stillage
and wet distillers’ grains (WDG). Thin stillage contains most of the water content of the
whole stillage, as well as many dissolved solids. Thin stillage is 91% to 93% water by mass
[7] [2] [8]. Some portion of thin stillage is used as a “backset,” which can be added back
into the mash to produce beer. If no centrifuge is used and no thin stillage is produced, then
whole stillage is used as a backset instead. WDG contains most of the suspended solids of
the whole stillage, as well as a substantial moisture content of approximately 65 to 70% [8]
[7] [2]. While WDG has substantially less water than whole stillage, it is still mostly water
by mass. WDG can be sold as-is, but thin stillage must be processed further or discharged
as wastewater. Like whole stillage, thin stillage has a substantial BOD and cannot be
discharged by many distilleries due to restrictions on local wastewater treatment plants [4].
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Figure 1-2: Simplified Process Flow Diagram of a Typical Dry House

If thin stillage is not discharged, an evaporator is used to concentrate the thin stillage into
Condensed Distillers Solubles (CDS). This is an energy-intensive process that requires
substantial amounts of steam or electricity, depending on the type of evaporator [2]. CDS
has a similar moisture content to WDG, about 35% solids, but a lower typical protein
content and lower economic value [7].
CDS and WDG that are not sold are processed further in a dryer. Drying is an energyintensive process that requires substantial amounts of steam or natural gas, depending on
the type of dryer [2]. Drying is typically more energy-intensive than evaporating [7]. If
only WDG is dried, the product is called Dried Distillers’ Grains (DDG). If both WDG and
CDS are dried, the product is called Dried Distillers’ Grains with Solubles (DDGS). Both
products are stable and economically valuable. DDGS is sold nationally as well as exported
abroad [9].
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Collectively, whole stillage and its derivatives are referred to as spent grains or distillers’
spent grains. Whole stillage is also known as slop, or simply as stillage. WDG is also
referred to as wet cake, and CDS is sometimes called syrup or distillers’ syrup.

1.2

Motivation

As the bourbon industry has grown, the demand for whole stillage has not kept pace. This
has reduced the ability for distillers to manage whole stillage, turning a small source of
revenue into an expense and threatening plants operations [4]. While the importance of
stillage management has risen for bourbon distillers, most existing evaluations of stillage
dewatering focus on the much larger fuel ethanol industry. While fuel ethanol production
follows a very similar process to that of bourbon and other distilled beverages, there are
important differences. Most notably is that of facility size.
The average fuel ethanol plant in the U.S. has a production capacity of 89 million gallons
of ethanol per year [10]. Bourbon distilleries measure production in Original Proof Gallons
(OPG) per year, which refers to the volume of alcohol produced as it leaves the still, before
aging, normalized to 50% alcohol by volume. Many Kentucky bourbon distilleries produce
fewer than 10 million OPG per year, a small fraction of the size of a typical fuel ethanol
plant. This large difference in size may have a sizeable effect on the business realities of
stillage dewatering and management. While many bourbon distilleries may have choices
between different stillage management approaches, from selling whole stillage to solely
producing DDGS, fuel ethanol plants primarily or exclusively produce DDGS [7]. While
the bourbon and fuel ethanol industries involve similar processes, the problem of stillage
management in the former is both under-studied and increasingly important.
In fuel ethanol plants, the revenue from DDGS production and sales is an important
component of their business model [11] [12]. In bourbon distilleries, stillage is often
considered a problem to be solved rather than an opportunity, and distillers often choose
the easiest way to manage their stillage, rather than try to identify the best approach [4].
While there is substantial focus on byproduct processing in the fuel ethanol industry, there
is little exploration of approaches that, while impossible for many fuel ethanol plants, are
4

viable and oft-chosen approaches by bourbon distillers. This leaves an important gap in the
existing literature.
Most fuel ethanol plants are simply unable to sell, or pay farmers to take, substantial
amounts of relatively high moisture spent grains products due to the sheer volume of whole
stillage they produce. In recognition of this reality, literature on spent grains management
for fuel ethanol plants focus on variations in the processing of DDGS or alternative enduses for spent grains. The energy, economic, and environmental implications of various
stillage management approaches available to bourbon distillers have not been adequately
explored.

1.3

Objectives

The objectives of this research are threefold.
First, to survey the landscape of stillage management processes in Kentucky bourbon
distilleries. While the possible approaches to managing stillage are known, the typical
approaches used in practice by bourbon distillers in Kentucky are not well known. These
possible approaches include sales of whole stillage, sale of WDG and discharge of thin
stillage, sale of WDG and CDS, sale of DDG and CDS, sale of DDGS, or some
combination.
Second, to evaluate the energy, economic, and environmental considerations of the typical
stillage management approaches available to Kentucky bourbon distillers. Some of these
approaches may not be accurately evaluated by existing literature for fuel ethanol plants,
due to different economies of scale, while others are not evaluated at all, due to different
constraints for fuel ethanol plants and distilleries.
Third, to evaluate the economic uncertainty and risk posed to Kentucky bourbon distillers
and society of different stillage management approaches. Existing literature neither
properly considers economic considerations for the variety of stillage management
approaches for Kentucky bourbon distillers nor thoroughly evaluates the economic
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uncertainties for stillage management approaches in any alcohol industry, bourbon or
otherwise.
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CHAPTER 2. LITERATURE REVIEW
A large amount of research has been conducted exploring alternative uses for stillage.
Biological or chemical treatment of stillage has been explored by many authors. This is
particularly relevant in regions outside of the United States where whole stillage is
sometimes discharged as wastewater or applied to soil [5] [6]. Kharayat reviews
wastewater treatment approaches for stillage, including physical, chemical, and biological
treatment processes, as do Mikucka and Zielińska [5] [6]. Mikucka and Zielińska also
review other approaches, including the use of anaerobic digestion to produce methane and
reduce the net CO2 emissions from distilleries [6].
Kang et al. and Wilkie et al. explore the anaerobic treatment of stillage for biogas
production in Europe and Florida, respectively, the former through limited technoeconomic evaluation and the latter through a review of the scientific literature [13] [14].
Kang et al. find that the most economically feasible application for biogas produced from
whiskey stillage is combined heat and power generation [13]. Biogas produced from
stillage can be used on-site, eliminating the need for biogas transportation. However, their
techno-economic evaluation uses natural gas and electricity prices for Ireland, as well as a
carbon price, and may not be applicable in the United States.
Cantero-Tubilla et al. studied the conversion of whiskey stillage produced in New York,
and other biowaste feedstocks, into an oil and hydro-char through hydrothermal
liquefaction [15]. The primary purpose of this process is to produce bio-crude oil, but the
higher heating value of the stillage hydro-char was also higher than that of the stillage [15].
Eriksson et al. identify the characteristics of wheat DDGS as a fuel source [16]. While
combustion of DDGS is simpler than hydrothermal liquefaction, hydrothermal liquefaction
allows the production of biofuels from stillage without first having to remove most of the
water. Neither approach is known to be used in the Kentucky bourbon industry, nor are
they common stillage management tools in the fuel ethanol industry.
Alternative non-thermal methods of dewatering stillage have been explored at length. In
1983, Cicuttini et al. used reverse osmosis to remove water from corn wet milling streams,
and there is substantial subsequent research exploring its use for stillage dewatering [17].
7

Arora et al. investigated the effect that microfiltering thin stillage has on its heat transfer
fouling characteristics [18]. They determined that the permeate from microfiltered thin
stillage had reduced fouling characteristics compared to thin stillage and diluted thin
stillage, but this may be of little practical use for stillage dewatering. If a microfiltration
system were to be used, the permeate would likely be discharged. Menkhaus et al.
experimented with the use of flocculants to improve stillage water separation in filtration
and centrifugation processes [19]. Yang investigated the factors which effect ultrafiltration
performance of whole stillage and thin stillage [20]. Many authors have reviewed and
experimented with filtration processes for similar applications in the grain processing
industry [21] [22] [23] [24].
Additional research has been conducted on the content of spent grains products. Kim et al.
test the composition of DDGS, wet cake, and thin stillage from a corn fuel ethanol plant
[8]. Yang analyzes the properties of whole stillage, thin stillage, and CDS from a corn fuel
ethanol plant [20]. Mold began to grow on both whole stillage and thin stillage after
between five and nine days, while no mold was found growing on CDS within ten days.
Rausch and Belyea review characteristics of DDGS production, nutritional value, and
marketing, as well as some considerations for WDG and CDS [7]. Rausch and Belyea
propose modifications to the dry-grind fuel ethanol process to improve coproduct quality
and describe how the break-even price of DDGS can be calculated based upon the price of
corn and soybean meal [7].
Bhadra et al. investigate how temperature and CDS content affect the WDG drying process
to produce DDGS [25] [26]. Kingsly et al. investigate how different variables in the drying
process influence the characteristics of the resulting DDGS [27]. It was found that varying
amounts of CDS dried were the primary contributor to variations in DDGS characteristics,
and that the addition of CDS reduced protein concentrations. It was not found that the
amount of CDS dried affected flowability, which can be a concern for DDGS transport
[27]. The variation in the characteristics of DDGS is one reason why it may often be priced
lower than nutritional contents would suggest [7]. While the addition of CDS reduces the
protein density of DDGS regardless, Kingsly et al. suggest distillers take care to add a
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consistent proportion of CDS to DDGS, rather than substantially varying the composition
[27].
Some work has been done to model different methods of stillage management in different
contexts. Sajbrt et al. consider the costs and energy consumption of various stillage disposal
methods in the Czech Republic [28]. Of the options they consider, drying stillage to
produce livestock feed is the worst economically. The best option is a chemical pretreatment approach, where flocculants are used in combination with a filter press or belt
dewatering line to produce a cake which can be composted or used as feed for a biogas
plant [28]. The filtrate is treated as wastewater. This is likely of little relevance to Kentucky
bourbon distilleries, for multiple reasons. Input costs for dewatering systems are different
in the Czech Republic than Kentucky, as are the feedstocks for distilleries. Specifically,
the analyzed distillery may use potatoes or a mixture of grains to produce alcohol.
Kwiatkowski et al. model a 40-million gallon per year corn dry-grind fuel ethanol plant in
the United States using SuperPro Designer® software [29]. In this approach, Kwiatkowski
et al. modeled all the costs of fuel ethanol production, how changes in the price of corn
could affect the production cost of fuel ethanol, and how changes in corn starch content
could affect the volume of fuel ethanol production [29]. The model developed by
Kwiaktowski et al. shares many similarities with the process used for bourbon production,
but there are substantial differences as well. Notably, while the 40-million gallon per year
fuel ethanol plant modeled would be small in comparison to the typical fuel ethanol plant
in operation today, it is far larger than even a large bourbon distillery.
Wood et al. (2012) utilized an updated version of the model created by Kwiatkowski et al.
to calculate sensitivities to changes in the prices of corn, utilities, ethanol, DDG, and DWG,
as well as the results of changes in byproduct processing [11]. The extraction of oil from
CDS was explored, as well as the sale of up to 33% of spent grains in the form of DWG.
Wood et al. determined that the production of DDGS had far higher capital costs and energy
consumption than production of WDG and that coproducts are an important piece of fuel
ethanol plant sustainability [11]. Wood et. Al also determined that profitability of a fuel
ethanol plant is heavily influenced by the price of corn, and that, in terms of coproduct
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processing, greatest profit was achieved by selling as much WDG as possible rather than
processing further [11].
The next year, Wood et al. (2013) adjusted the same model to explore the effects of adding
fractionation systems to alter the spent grains byproducts [12]. The main addition to their
previous work was modeling the economics if DDGS were to be separated into high-fiber
and high-protein fractions. Oil extraction and the marketing of WDG in addition to DDGS
had the largest positive effects on annual profits. The addition of fractionation system
improved profits as well [12].

10

CHAPTER 3. STILLAGE MANAGEMENT AT OPERATIONAL BOURBON DISTILLERIES
The goal of this chapter is to accomplish the first objective of this research and to provide
an understanding of the current stillage management methods used by bourbon distilleries
in Kentucky.
3.1

Methodology

The Kentucky Industrial Assessment Center (KIAC) conducted six energy assessments at
Kentucky bourbon distilleries between 2019 and 2021. Energy data was collected from
each distillery during the assessment, as was information provided by facility personnel
about their distillery and sometimes other distilleries. Information was also provided during
a meeting with various members of industry [4].
3.2

Stillage Management Landscape

Approximately 20 kg of whole stillage is produced per OPG alcohol produced by the
average assessed distillery. There is substantial variety in the methods used by bourbon
distillers to manage this whole stillage. Table 3.1 presents the known dewatering
equipment and alcohol production for several Kentucky distilleries. All distilleries that
produce more than 7.5 million OPG of alcohol per year have at least some system for
stillage dewatering in place. On the contrary, no distillery with known production values
lower than 7 million OPG per year have any traditional dewatering systems.
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Table 3.1: Survey of Stillage Management Equipment in Kentucky Distilleries
Distillery

Alcohol
Production
[MMOPG/year]

Dewatering Equipment
UF &
RO

Centrifuge Evaporator

Dryer

A*
1.5
B [4]
6
x
C*
7
D*
7.5
x
x
x - DDG only
E [4]
7.5
F*
16
x
x
x - DDG only
G*
24
x
H*
30
x
x
x
I [4]
x
x
*An energy assessment was conducted by the Kentucky Industrial Assessment Center
One facility which produces 6 million OPG annually uses an Ultrafiltration and Reverse
Osmosis system to produce a concentrated stillage with properties between those of whole
stillage and wet cake. This is the only known distillery in Kentucky that uses any nontraditional stillage dewatering system. The primary motivation behind this system was not
to increase revenue from the distillery’s spent grains, but instead to ensure farmers would
continue to be willing to haul the stillage away [3].
This implies a tipping point between 6 and 7.5 million OPG annual production in the
necessity for, or desirability of, stillage dewatering processes. Not all distilleries with
higher annual production have a full dry house to produce DDGS, however. Multiple
facilities produce DDG and sell CDS separately. One large distillery only uses a centrifuge
to produce WDG and, despite its nutrient value and high BOD, discharges the thin stillage
as wastewater including 20% d.b. protein [8] [5] [6]. While the discharge of spent grains
is not unusual in some countries, no U.S. fuel ethanol plants are known to follow this
practice. Many bourbon distilleries in Kentucky do not have access to sufficient wastewater
treatment systems for thin stillage discharge to be an option [4].
This wide range of approaches to stillage management leads to substantial sales of a variety
of byproducts. In contrast, the fuel ethanol industry treats DDGS as the primary co-product
and other spent grains products are only marketed occasionally [7]. Even if a fuel ethanol
12

plant markets other spent grains products, it likely primarily produces DDGS. Many
bourbon distilleries lack the equipment to produce any DDGS.
3.3
3.3.1

Dry House Energy Consumption
Dry House Energy Consumption: Distillery F

Data for the electrical power consumption of the larger of two dry house centrifuges,
centrifuge 1, at a Kentucky distillery producing 16 million OPG of alcohol (Distillery F)
per year is presented in Figure 3-1. The centrifuge appears to operate near continuously
with the operation of the facility, with an average power draw of 15 kW.

Figure 3-1: Power Consumption of Dry House Centrifuge 1 at Distillery F

Figure 3-2 presents the data showing power consumption of the smaller dry house
centrifuge, centrifuge 2, in the same distillery. Operation appears to be steady except for a
period of increasing energy consumption followed by a temporary shutdown. One
datapoint was recorded for each second of operation. While there appear to be multiple
spikes, each is very short and has little effect on average energy consumption. These can
occur due to momentary power outages and the resulting inrush of electricity as power is
restored. Centrifuge 2 has an average power consumption of 6 kW. Combined, for 24 houra-day operations 350 days a year, the centrifuges consume 176,400 kWh of electricity.
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Figure 3-2: Power Consumption of Dry House Centrifuge 2 at Distillery F

Figure 3-3 presents the data showing the rate at which whole stillage is processed by
centrifuge 2 over a different period. On average, 74 gallons of whole stillage are processed
per minute by this centrifuge. While the power and volumetric data are for different
periods, the energy intensity of water removal can be estimated by assuming the power
consumption and flow are consistent when the centrifuge is in operation. For water contents
of whole and thin stillage of 87% and 91%, respectively, the energy intensity of water
removal for centrifuge 2 is 4.78 Wh/kg-H2O [2].
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Figure 3-3: Whole Stillage Processed by Centrifuge 2 at Distillery F

Distillery F also utilized a ring dryer to produce DDG from WDG. Data showing the natural
gas consumption of this ring dryer is presented in Figure 3-4. Natural gas consumption
fluctuates between roughly 5 and 8 MMBtu per hour during operation, with occasional
down time. On average, this dryer consumed 6.4 MMBtu of natural gas per hour. DDG
production from this dryer is not known.

Figure 3-4: Ring Dryer Natural Gas Consumption at Distillery F
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If it is assumed that all WDG produced at Distillery F is processed into DDG, the energy
intensity of water removal for this ring dryer is 1,450 Btu/kg-H2O. This is not a reasonable
assumption; this is far below values found in existing literature as well as the theoretical
minimum energy consumption for such a dryer [17] [7]. If the dryer requires only the
theoretical minimum energy input, 32% of the WDG produced must not be processed
further into DDG. In practice, this number must be higher: well more than a third of the
WDG produced in Distillery F must be sold without further processing.
3.3.2

Dry House Energy Consumption: Distillery H

Distillery H is a Kentucky bourbon distillery that produces approximately 30 million OPG
of alcohol per year. Distillery H uses a mechanical compression evaporator driven by a
non-condensing steam turbine to produce CDS from thin stillage. Data showing the
consumption of high-pressure steam by this evaporator are presented in Figure 3-5. The
evaporator turbine uses approximately 28,800 pounds per hour of steam when in operation,
and typically operates continuously with the distillery except during weekly facility
shutdowns.

Figure 3-5: Mechanical Evaporator Steam Consumption at Distillery H
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Data showing the pressures of steam entering and exiting the turbine are presented in
Figure 3-6. When in operation, the steam entering the turbine has a consistent pressure of
approximately 130 psi and the steam leaving the turbine has a consistent pressure of
approximately 12 psi. The low-pressure steam leaving the evaporator turbine is used
throughout the distillery. The evaporator consumes approximately 0.91 MMBtu of steam
per hour.

Figure 3-6: Evaporator Turbine Steam Pressures at Distillery H

Distillery personnel indicated that approximately 30% of whole stillage produced by the
distillery is sold, rather than processed. The remaining whole stillage is centrifuged to
produce WDG and thin stillage, and the thin stillage is processed in the evaporator. The
energy intensity of water removal for this evaporator to process all thin stillage is
approximately 49 Btu/kg-H2O. This is approximately one-fourth the average energy
intensity found in existing literature [17] [30]. The energy-intensity of a mechanical
evaporator is strongly related to the temperature difference across the heat exchanger [30].
As the temperature difference decreases, energy intensity decreases as well, at the cost of
increased heat transfer area and thus capital cost. It is likely that Distillery H uses a large
and expensive mechanical evaporator relative to those used elsewhere.
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Distillery H uses a fluidized bed dryer to produce DDGS. The dryer uses approximately
10,000 MMBtu of natural gas during a month of normal operations. While the total mass
of WDG and CDS processed by the dryer is not known, the percentage of CDS produced
that is dried is tracked and presented in Figure 3-7. Typically, only 26% of CDS production
is processed by the dryer, with the remainder sold.

Figure 3-7: Percentage of CDS Produced by Distillery H That is Dried

Assuming that this CDS, plus all available WDG produced, is processed into DDGS, this
fluidized bed dryer has an energy intensity of 3,095 Btu/kg-H2O. This is both theoretically
possible and similar to values found in existing literature but must be considered as a lower
bound [7]. It is possible that Distillery H sells some WDG rather than processing further,
in which case the energy intensity of the dryer is higher than 3,095 Btu/kg-H2O.
3.4

Summary

Bourbon distilleries utilize a wide range of stillage management systems. The system used
by a distillery is related to annual alcohol production, with larger distilleries using more
dewatering equipment, and small distilleries not dewatering their stillage at all. There
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appears to be a tipping point in stillage management approach for distilleries when facility
size is between 6 and 7.5 million OPG of alcohol per year.
Stillage processing norms in the bourbon industry are clearly different to those for fuel
ethanol plants. Rather than trying to maximize the value-added to stillage, distillers often
use the least processing necessary to sell spent grains. Even larger distilleries which have
equipment to dewater stillage continue to sell a variety of spent grains products. Distillery
F sells some whole stillage, sells at least a third of the WDG they produce, and sells their
remaining spent grains as CDS and DDG. Distillery H sells approximately 30% of their
whole stillage, 74% of their CDS, possibly some WDG, and DDGS. Distillery G discharges
thin stillage and sells WDG, and distillery I sells WDG, CDS, and possibly whole stillage.
Rather than being the primary coproduct of distillation, DDGS is just one of several spent
grains products a distillery may sell; whole stillage, WDG, CDS and DDG may all compose
a substantial fraction of a distillery’s spent grains sales.
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CHAPTER 4. DRY HOUSE PROCESS MODELING
The goal of this chapter is to accomplish the second objective of this research which is to
evaluate the energy, economic, and environmental considerations of the primary stillage
management approaches available to Kentucky bourbon distillers.
To accomplish this, models were created to represent different dry houses for a Kentucky
bourbon distillery with an approximate annual production of 7 million OPG. This
corresponds to 142,800,000 kg of whole stillage produced each year. Energy consumption,
economic costs and benefits, and CO2e emissions are evaluated for each model. Social
costs, that is, costs to society, are evaluated based on the estimated Social Cost of Carbon
(SCC). SCC “refers to the estimate of the monetary value of world-wide damage done by
anthropogenic CO2 emissions,” and is critical for social cost-benefit analysis regarding
CO2e emissions [31].
4.1
4.1.1

Methodology
Model Formulation

A simplified process flow diagram for a distillery dry house is presented in Figure 4-1.
There are three pieces of dewatering equipment: a centrifuge, an evaporator, and a dryer.
As shown in Table 3.1, a variety of approaches are used for stillage management in terms
of the equipment used, and one distillery may produce and sell multiple byproducts. Each
dewatering system is defined both in terms of pieces of equipment used and the byproducts
produced.
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Figure 4-1: Simplified Process Flow Diagram Representing a Complete Dry House

Microsoft® Excel® 365 was used to model several stillage dewatering systems. Eight
models were created to represent the variety of possible approaches, plus an additional
baseline model where no dewatering processes were used. The definitions of these models
are presented in Table 4.1. “%Whole Stillage Centrifuged” determines how much whole
stillage is processed in the centrifuge. “Evaporator” determines whether the system uses an
evaporator. “%CDS Dried” and “%WDG Dried” refer to the fraction of produced CDS and
WDG which is processed in the dryer. If “%Whole Stillage Centrifuged” or both “%CDS
Dried” and “%WDG Dried” are zero, then there is, respectively, no centrifuge and no dryer.
The fraction of each byproduct which is not processed further is sold.
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Table 4.1 Definition of Process Models
#

Description

1
2
3
4
5
6
7
8
0

Full Dry House: Full Flow
Full Dry House: Part Flow
Full Dry House: Full Flow DDG
Full Dry House: Part Flow DDG
No Dryer: Full Flow
No Dryer: Part Flow
Centrifuge Only: Full Flow
Centrifuge Only: Part Flow
No Dewatering

%Whole
Evaporator
Stillage
[1/0]
Centrifuged
100%
50%
100%
50%
100%
50%
100%
50%
0%

1
1
1
1
1
1
0
0
0

%CDS
Dried

%WDG
Dried

100%
50%
0%
0%
0%
0%
0%
0%
0%

100%
50%
100%
50%
0%
0%
0%
0%
0%

The dry house system consists of a mass balance and energy and CO2e ledger. The mass
balance and energy and CO2e ledger are then used for economic calculations.
4.1.1.1 Mass Balance
The mass balance accounts for the movement and processing of materials throughout the
dry house. The mass balance consists of both materials and material flows. Materials are
defined by their composition. Materials were modeled as having only two components:
water and solids. Thus, each material can be defined by its water content, with the
remaining percentage attributable to solids. No distinction is made between DDG and
DDGS; both are referred to as DDG(S). Seven types of material and eighteen material
flows are tracked. Each material flow is characterized as one of four flow types: input,
output, transform – in, and transform – out. The material flows are presented in Table 4.2.
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Table 4.2: Material Flows by Material and Flow Type for Dry House Process Modeling
#

Material Flows

Material

Flow Type

i
ii
iii
iv
v
vi
vii
viii
ix
x
xi
xii
xiii
xiv
xv
xvi
xvii
xviii

Whole Stillage Produced
Whole Stillage Backset
Whole Stillage Sold
Whole Stillage Centrifuged
WDG from Centrifuge
Thin Stillage from Centrifuge
Thin Stillage Backset
Thin Stillage Discharged
Thin Stillage to Evaporator
Condensate Discharged
CDS From Evaporator
CDS Sold
WDG Sold
CDS to Dryer
WDG to Dryer
Water Exhausted
DDG(S) from Dryer
DDG(S) Sold

Whole Stillage
Whole Stillage
Whole Stillage
Whole Stillage
WDG
Thin Stillage
Thin Stillage
Thin Stillage
Thin Stillage
Evaporator Condensate
CDS
CDS
WDG
CDS
WDG
Water Exhaust
DDG(S)
DDG(S)

Input
Output
Output
Transform - in
Transform - out
Transform - out
Output
Output
Transform - in
Output
Transform - out
Output
Output
Transform - in
Transform - in
Output
Transform - out
Output

An “Input” flow represents material entering the system. Whole stillage is the only “Input”
flow. An “Output” flow represents material leaving the system. “Output” flows include all
byproduct sales, the backset of whole or thin stillage to the distillery, wastewater discharge,
and water exhausted out of the dryer. A “transform – in” flow represents material entering
a piece of dewatering equipment. These include whole stillage entering the centrifuge, thin
stillage entering the evaporator, and CDS and WDG entering the dryer. A “transform –
out" flow represents material leaving a piece of dewatering equipment. “Transform – out”
flows include the production of WDG and thin stillage from the centrifuge, CDS from the
evaporator, and DDG(S) from the dryer.
“i, Whole Stillage Produced” is defined and serves as the base for calculations. Either
whole stillage or thin stillage is used as a backset. If any whole stillage is centrifuged, thin
stillage is used as backset. If no whole stillage is centrifuged, then the “ii, Whole Stillage
Backset” is calculated as
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𝑊𝑊𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 × 𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

( 4.1 )

where WSback is the “ii, Whole Stillage Backset” flow in kg per year, CWSBack is a decimal
constant between 0 and 1, and WSprod is the “i, Whole Stillage Produced” flow in kg per
year.
“iii, Whole Stillage Sold” is calculated as
𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × (1 − %𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) − 𝑊𝑊𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

( 4.2 )

where WSsold is the “iii, Whole Stillage Sold” in kg per year, %WScent is the “%Whole
Stillage Centrifuged” model parameter expressed as a decimal value between 0 and 1.
“iv, Whole Stillage Centrifuged” is calculated as
𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × %𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

( 4.3 )

where WScent is the “iv, Whole Stillage Centrifuged” flow in kg per year.
“WDG from centrifuge” is calculated as
𝑊𝑊𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × �1 −

𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂 − 𝑊𝑊𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂
�
𝑇𝑇𝑇𝑇%𝐻𝐻2𝑂𝑂 − 𝑊𝑊𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂

( 4.4 )

where WDGcent is the “v, WDG from Centrifuge” flow in kg per year and WS%H2O,
WDG%H2O, and TS%H2O are the water contents of whole stillage, WDG, and thin stillage,
respectively, expressed as decimal values between 0 and 1.
“vi, Thin Stillage From Centrifuge” is calculated as
𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × �

𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂 − 𝑊𝑊𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂
�
𝑇𝑇𝑇𝑇%𝐻𝐻2𝑂𝑂 − 𝑊𝑊𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂

where TScent is the “vi, Thin Stillage From Centrifuge” flow in kg per year.
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( 4.5 )

“vii, Thin Stillage Backset” is only calculated if whole stillage is centrifuged. Otherwise,
the value is zero. If whole stillage is centrifuged, “vii, Thin Stillage Backset” is calculated
as
𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑊𝑊𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

( 4.6 )

where TSback is the “vii, Thin Stillage Backset” flow in kg per year and CTSback is a constant.
“Thin Stillage Discharge” is only calculated if there is no evaporator. Otherwise, the value
is zero. If there is no evaporator, “Thin Stillage Discharge” is calculated as
𝑇𝑇𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

( 4.7 )

where TSdisc is the “Thin Stillage Discharge flow in kg per year.
“ix, Thin Stillage to Evaporator” is only evaluated if there is an evaporator. Otherwise, the
value is zero. If there is an evaporator, “ix, Thin Stillage to Evaporator” is calculated as
𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

( 4.8 )

where TSevap is the “ix, Thin Stillage to Evaporator” flow in kg per year.
“xi, CDS From Evaporator” is calculated as
𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

(1 − 𝑇𝑇𝑇𝑇%𝐻𝐻2𝑂𝑂 ) × 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
1 − 𝐶𝐶𝐶𝐶𝐶𝐶%𝐻𝐻2𝑂𝑂

( 4.9 )

where CDSevap is the “CDS from evaporator” flow in kg per year and CDS%H2O is the water
content of CDS expressed as a decimal between 0 and 1.
“x, Condensate Discharged” is calculated as
𝐻𝐻2 𝑂𝑂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 𝑇𝑇𝑇𝑇%𝐻𝐻2𝑂𝑂 − 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 𝐶𝐶𝐶𝐶𝐶𝐶%𝐻𝐻2𝑂𝑂

where H2Odisc is the “x, Condensate Discharged” flow in kg per year.
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( 4.10 )

“xii, CDS Sold” is calculated as
𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × �1 − %𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑 �

( 4.11 )

where CDSsold is the “xii, CDS Sold” flow in kg per year and %CDSdry is the “%CDS
Dried” model parameter expressed as a decimal between 0 and 1.
“xiii, WDG Sold” is calculated as
𝑊𝑊𝑊𝑊𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑊𝑊𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × �1 − %𝑊𝑊𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 �

( 4.12 )

where WDGsold is the “xiii, WDG Sold” flow in kg per year and %WDGdry is the “%WDG
Dried” model parameter expressed as a decimal between 0 and 1.
“xiv, CDS to Dryer” is calculated as
𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × %𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑

( 4.13 )

where CDSdry is the “xiv, CDS to Dryer” flow in kg per year.
“xv, WDG to Dryer” is calculated as
𝑊𝑊𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑊𝑊𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × %𝑊𝑊𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑

( 4.14 )

where WDGdry is the “xv, WDG to Dryer” flow in kg per year.
“xvii, DDG(S) from Dryer” is calculated as
𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆)𝑑𝑑𝑑𝑑𝑑𝑑 =

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑 × (1 − 𝐶𝐶𝐶𝐶𝐶𝐶%𝐻𝐻2𝑂𝑂 ) + 𝑊𝑊𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 × (1 − 𝑊𝑊𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂 )
( 4.15 )
1 − 𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆)%𝐻𝐻2𝑂𝑂

where DDG(S)dry is the “xvii, DDG(S) from Dryer” flow in kg per year and DDG(S)%H2O
is the water content of DDG(S) expressed as a decimal between 0 and 1.
“xviii, DDG(S) Sold” is evaluated as being equivalent to “xvii, DDG(S) from Dryer”.
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“xvi, Water Exhausted” is calculated as
𝐻𝐻2 𝑂𝑂𝑒𝑒𝑒𝑒ℎ = �𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐶𝐶𝐶𝐶𝐶𝐶%𝐻𝐻2𝑂𝑂 + 𝑊𝑊𝑊𝑊𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑 × 𝑊𝑊𝑊𝑊𝑊𝑊%𝐻𝐻2𝑂𝑂 �
− 𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆)𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆)%𝐻𝐻2𝑂𝑂

( 4.16 )

where H2Oexhis “xvi, Water Exhausted” in kg per year.
4.1.1.2 Energy and CO2e Ledger

Energy consumption of each model is calculated on a per-process basis. Both electricity
and natural gas consumption are tracked. The centrifuge consumes electricity, while both
the dryer and evaporator consume natural gas. Electricity consumption is calculated as
𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑇𝑇𝑇𝑇%𝐻𝐻2𝑂𝑂

( 4.17 )

where EC is the electricity consumption of the centrifuge in kWh per year and EIcent is the
energy intensity of water removal by the centrifuge in kWh/kg-H2O. Water removal is
defined as the mass of water contained by the thin stillage leaving the centrifuge in kg.
Natural gas consumption is calculated as
𝐺𝐺𝐺𝐺 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 × 𝐻𝐻2 𝑂𝑂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐸𝐸𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐻𝐻2 𝑂𝑂𝑒𝑒𝑒𝑒ℎ

( 4.18 )

where GC is the natural gas consumption in MMBtu per year, EIevap is the energy intensity
of water removal by the evaporator in MMBtu/kg-H2O, and EIdry is the energy intensity of
water removal by the dryer in MMBtu/kg-H2O.
Total CO2-equivalent (CO2e) emissions are tracked for each model. CO2e emissions are
calculated as
𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸 × 𝐶𝐶𝐸𝐸𝐸𝐸 + 𝐺𝐺𝐺𝐺 × 𝐶𝐶𝐺𝐺𝐺𝐺

( 4.19 )

where EE is the total CO2e emissions, and CEC and CGC are constants. These constants are
annual averages, meant to represent average emissions from energy consumption
throughout a year.
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4.1.1.3 Economics
Two annual costs are directly incorporated into the model. These are the annual labor cost
and annual facility cost. There is one fixed, one-time cost, the total capital investment. The
prices included in each model are presented in Table 4.3. There are eight prices total,
consisting of wastewater prices, energy prices, and byproduct prices. These prices, as well
as the annual costs, are used to calculate the total sales revenue and total annual expenses.
Table 4.3: Prices included in each model by type and unit
Price Type
Wastewater
Energy

Byproduct

Price

Unit

Thin Stillage Discharge Price
Water Discharge Price
Natural Gas Price
Electricity Price
Whole Stillage Price
WDG Price
CDS Price
DDG(S) Price

$/kg
$/kg
$/MMBtu
$/kWh
$/kg
$/kg
$/kg
$/kg

The revenue from each byproduct is calculated as
𝑅𝑅𝑛𝑛 = 𝑃𝑃𝑛𝑛 × 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

( 4.20 )

where Rn is the revenue from byproduct n in dollars per year, Pn is the price of byproduct
n, nsold is the amount of byproduct n sold in kg per year, and n refers to each of Whole
Stillage, WDG, CDS, and DDG(S).
The total sales revenue is calculated as
𝑅𝑅 = � 𝑅𝑅𝑛𝑛

where R is the total sales revenue in dollars per year.
The expense from each energy cost is calculated as
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( 4.21 )

𝐸𝐸𝑚𝑚 = 𝑃𝑃𝑚𝑚 × 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

( 4.22 )

where Em is the expense from energy m, Pm is the price of energy m, mconsumed is the amount
of energy m consumed, and m refers to each of natural gas and electricity.
The expense from each type of wastewater discharge is calculated as
𝐸𝐸𝑙𝑙 = 𝑃𝑃𝑙𝑙 × 𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

( 4.23 )

where El is the expense from wastewater type l, Pl is the discharge price for wastewater
type l, ldisc is the amount of wastewater type n discharged in kg per year, and n refers to
each of thin stillage and water.
The total annual expense is calculated as
𝐸𝐸 = 𝐿𝐿𝐿𝐿 + 𝐹𝐹𝐹𝐹 + � 𝐸𝐸𝑚𝑚 + � 𝐸𝐸𝑙𝑙

( 4.24 )

where E is the total annual expenses in dollars per year, LC is the annual labor cost in
dollars per year, and FC is the annual facility cost in dollars per year.
Net annual avoided expenses refers to expenses that are avoided by each dewatering
system, relative to the baseline scenario where no dewatering system is used. In the
baseline scenario, all whole stillage is either used as a setback or sold for a negative value
(i.e.paid). This results in a substantial expense. Net annual avoided expenses is calculated
as
𝐴𝐴𝐴𝐴 = −1 × 𝑃𝑃𝑊𝑊𝑊𝑊 × (1 − 𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 ) × 𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

( 4.25 )

where AE is the net annual avoided expenses in dollars per year.

Model price sensitivities are calculated for a ten percent change in each price. The price
sensitivity of total annual expenses to each wastewater price is calculated as
𝑃𝑃𝑃𝑃10%𝑙𝑙 = 𝑃𝑃𝑙𝑙 × 𝑙𝑙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 × 0.1
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( 4.26 )

where PS10%l is the price sensitivity of total annual expenses to “Thin Stillage Discharge
Price” or “Water Discharge Price” and ldisc is “viii, Thin Stillage Discharged” or “x,
Condensate Discharged”.
The price sensitivity of total annual expense to each energy price is calculated as
𝑃𝑃𝑃𝑃10%𝑚𝑚 = 𝑃𝑃𝑚𝑚 × 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 0.1

( 4.27 )

where PS10%m is the price sensitivity of total annual expenses to “Natural Gas Price” or
“Electricity Price” and mconsumed is EC or GC.
The price sensitivity of total sales revenue to each byproduct price is calculated as
𝑃𝑃𝑃𝑃10%𝑛𝑛 = 𝑃𝑃𝑛𝑛 × 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × 0.1

( 4.28 )

where PS10%n is the price sensitivity of total sales revenue to “Whole Stillage Price”, “WDG
Price”, “CDS Price”, or “DDG(S) Price”; and nsold is “iii, Whole Stillage Sold”, “xii, CDS
Sold”, “xiii, WDG Sold”, or “DDG(S) sold”.
The price sensitivity of net annual avoided expenses to the “Whole Stillage Price” is
calculated as
𝑃𝑃𝑃𝑃10%𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴 × 0.1

( 4.29 )

where PS10%AE is the price sensitivity of net annual avoided expenses to changes in the
price of whole stillage.
Net annual cash flow refers to the total change in annual cash the distillery experiences
after adopting the modeled dewatering system. Net annual cash flow is calculated as
𝐶𝐶𝐶𝐶 = 𝑅𝑅 − 𝐸𝐸 + 𝐴𝐴𝐴𝐴

where CF is the net annual cash flow in dollars per year.
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( 4.30 )

The social cost of CO2e emissions accounts for the annual social costs of emitted CO2e.
The social cost of CO2e emissions is calculated as
𝐸𝐸𝐶𝐶𝐶𝐶2𝑒𝑒 = 𝐸𝐸𝐸𝐸 × 𝐶𝐶𝐶𝐶

( 4.31 )

where Eco2e is the social cost of CO2e emissions in dollars per year and CC is the social
cost of carbon in dollars per kg-CO2e.
The total annual social income is the net annual social benefit, including internal costs to
the distillery, of the modeled dewatering system. Total annual social income is calculated
as
𝑆𝑆𝑆𝑆 = 𝐶𝐶𝐶𝐶 − 𝐸𝐸𝑐𝑐𝑐𝑐2𝑒𝑒

( 4.32 )

where SI is the total annual social income expressed in dollars per year.
The discounted cash flow is the present value of the net annual cash flow over the lifetime
of the dewatering system. The discounted cash flow is calculated as
𝑖𝑖

𝐷𝐷𝐷𝐷𝐷𝐷 = �
1

𝐶𝐶𝐶𝐶
(1 + 𝐷𝐷𝐷𝐷)𝑖𝑖

( 4.33 )

where DCF is the discounted cash flow in dollars, i is the year of operation, and DR is the
discount rate.
The discounted social income is the present value of the total annual social income over
the lifetime of the dewatering system. The discounted social income is calculated as
𝑖𝑖

𝐷𝐷𝐷𝐷𝐷𝐷 = �
1

𝑆𝑆𝑆𝑆
(1 + 𝐷𝐷𝐷𝐷)𝑖𝑖

( 4.34 )

where DSI is the discounted social income in dollars.

The net present value is the present value of the dewatering system to the distillery. The
net present value is calculated as
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𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐶𝐶

( 4.35 )

where NPV is the net present value in dollars and CI is the total capital investment in
dollars.
Social net present value is the present value of the dewatering system to society. The social
net present value is calculated as
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐶𝐶𝐶𝐶

( 4.36 )

where SNPV is the social net present value in dollars per year.
4.1.2

Parameters

4.1.2.1 Mass Balance
With an apparent tipping point for stillage dewatering systems occurring between 6 and
7.5 million OPG distillery alcohol production, the “i, Whole Stillage Produced” parameter
was selected to represent an approximately 7 million OPG annual alcohol production
distillery. The hourly production of stillage was estimated to be 17,000 kg per hour for a 7
million OPG annual alcohol production distillery operating 24 hours per day, 350 days per
year. The value of the “i, Whole Stillage Produced” parameter is thus 142,800,000 kg per
year.
CWSback and CTSback represent the quantity of whole stillage and thin stillage produced,
respectively, may be used as a backset, normalized by “i, Whole Stillage Produced”. These
values were set to 0.15 and 0.14, respectively, based on information obtained during KIAC
assessments.
The composition of each material is presented in Table 4.4 [2]. Material compositions are
assumed to be approximately equivalent to those from a corn dry-grind fuel ethanol plant.
The evaporator condensate and water exhausted from the dryer are assumed to contain no
solids.
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Table 4.4: Material Compositions
Material

Water Content

Whole Stillage
WDG
Thin Stillage
DDG(S)
CDS
Evaporator Condensate
Water Exhaust

0.872
0.658
0.912
0.110
0.658
1
1

4.1.2.2 Energy and CO2e Ledger
The energy intensities of water removal used for each piece of dewatering equipment are
presented in Table 4.5.
Table 4.5: Energy Intensity of Water Removal by Equipment
Equipment

Energy Intensity

Units

1

Centrifuge
0.000506
kWh/kg-H2O
2
Evaporator
0.00145
MMBtu/kg-H2O
Dryer3
0.00287
MMBtu/kg-H2O
1
Average of value from KIAC assessment and [7]
2
For a Triple-Effect Evaporator with an 85% efficient boiler [17]
3
For a Rotary Dryer producing DDGS [7]
The CO2e emissions constants for electricity and natural gas consumption are presented in
Table 4.6. Emissions from electricity generation are measured in kg-CO2e, while emissions
from natural gas consumption are measured in kg-CO2.
Table 4.6: Model CO2e Emissions Constants
Energy Type

Emissions Constant

1

Electricity
0.7642
2
Natural Gas
52.91
1
Value for Kentucky, 2020 [32]
2
Value for 2020 [33]
4.1.2.3 Economics
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Units
kg-CO2e/kWh
kg-CO2/MMBtu

Annual and fixed costs, including the annual labor cost, annual facility cost, and the total
capital investment were generated for each model using SuperPro Designer® software. For
each dewatering system modeled, a model with the same material flows and equipment
was created in SuperPro Designer®. Equipment was automatically sized by the program.
Each model had an hourly whole stillage production of 17,000 kg, and annual operating
hours of 8,400. Facility costs are composed of maintenance, insurance, factory expenses,
depreciation, and taxes. Equipment-specific multipliers within SuperPro Designer® were
used to calculate maintenance costs. Annual insurance was set as 0.8% of capital costs, and
factory expenses were set as 0.75% of capital costs. Depreciation and local taxes were
neglected.
The prices of utilities are presented in Table 4.7. Each listed price is the average annual
price. Prices may vary over the course of the year, or, with electricity, over the course of a
day. The price of electricity is calculated based upon utility revenue and the total amount
of energy provided, so incorporates both usage and demand charges, as well as any other
adjustments [34]. As the centrifuge is sized to operate continuously during distillery
operations for each model, the unit cost of electricity should not differ between modes due
to varying time-of-day rates and utilization.
Table 4.7: Prices of Utilities
Utility

Price

Unit

Thin Stillage Discharge1
$0.00771
$/kg
1
Water Discharge
$0.00416
$/kg
2
Natural Gas
$3.64
$/MMBtu
Electricity3
$0.0531
$/kWh
1
Value from KIAC assessments at Kentucky distilleries
2
Kentucky natural gas industrial price, 2020 [35] [36]
3
Kentucky electricity industrial price, 2020 [37]
The price of DDGS is tracked by the US Department of Agriculture Economic Research
Service (USDA ERS), with an average price for the 2020-21 marketing year of $206.18
per US-ton [9]. Prices of corn WDG are tracked by the USDA Agricultural Marketing
Service (AMS), but these prices are location-dependent and data are confined to certain
midwestern states [38].
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The price of animal feeds is sometimes estimated by nutritional comparison to other feeds
with known prices [7]. Protein content has previously been used to estimate the price of
WDG for techno-economic modeling [12]. This approach found WDG had a price
approximately 37% that of DDGS, while, based on available historical data, midwestern
corn WDG has had an average price approximately 33% that of DDGS [12] [9] [38].
In central Kentucky, however WDG from bourbon distilleries was priced at $10 per USton while the price of DDGS in the same area was $125 per US-ton, for a price ratio of 8%
[4]. Neither protein content nor the historical ratio of DDGS and corn WDG prices in some
midwestern states appear to be useful predictors of the price of WDG from Kentucky
bourbon distilleries.
In a similar period, KIAC energy assessments found the price of whole stillage to be
approximately negative $11 per US-ton (i.e. the distillery had to pay $11/US-ton to
remove). The whole stillage market is highly localized, with typical market radius 35 to 50
miles from a distillery [3]. As the moisture content of spent grains decreases, this market
radius increases [3]. As the moisture content of WDG is lower than that of whole stillage,
WDG prices are determined by a larger market, but this market is still somewhat local [3].
Due to its low moisture content, and resulting stability and ease of transport, DDG(S) prices
are still largely determined by the national market.
That the ratio of WDG to DDGS price in Kentucky is about 8%, as opposed to a historical
33% average in some midwestern states, indicates the market conditions for WDG from
Kentucky bourbon distilleries differ dramatically from those for corn WDG from fuel
ethanol plants in those midwestern states. Specifically, it seems the market is saturated by
a large volume of high moisture spent grains products, driving down their price.
The prices of byproducts used for these models are presented in Table 4.8. Due to the
national nature of the DDG(S) market and the highly localized nature of the whole stillage
market, it is assumed that these prices move independently. It is assumed the price of WDG
is strongly influenced by the price of both DDG(S) and whole stillage within the local
market around a distillery. The price of WDG is estimated as the weighted average of the
prices of whole stillage and DDG(S), with weights established for a WDG price of $10 per
US-ton, a DDG(S) price of $125 per US-ton [4], and a whole stillage price of negative $11
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per US-ton. Due to their similar moisture content, it is assumed that WDG and CDS are
sold in the same regional market, and thus CDS value is estimated by protein content
relative to that of WDG, assuming all protein in thin stillage remains in CDS [8].
Table 4.8: Spent Grains Byproduct Prices
Byproduct

Price

Unit

Whole Stillage1
-0.0120
$/kg
2
WDG
0.0248
$/kg
3
CDS
0.0142
$/kg
4
DDG(S)
0.227
$/kg
1
Average value from KIAC assessments, 2020-21
2
Weighted average of whole stillage and DDG(S) price
3
Estimated from price of WDG by protein content [8]
4
Average DDGS price for 2020-21 marketing year [9]
The social cost of carbon is estimated as $0.0547 per kg [39]. The annual discount rate is
assumed to be 7%, and the life of the dewatering system is assumed to be 25 years. An
annual discount rate of 7% is a default value used by SuperPro® Designer, while the
program has a default project lifetime of 15 years. KIAC assessments found many that
distilleries often have large pieces of equipment that are several decades old, and stillage
management will be required for as long as a distillery continues to operate. Accordingly,
a longer system life of 25 years was used.
4.2

Analysis

Figure 4-2 presents data showing the electricity and natural gas consumption of the
centrifuge, evaporator, and dryer for each model. Energy consumption by the centrifuge is
so insignificant compared to natural gas consumption by the evaporator and dryer that it is
not visible on the graph. For every model with an evaporator, it is responsible for the
majority of dry house energy consumption, despite having a lower energy-intensity than
the dryer. While the dryer consumes more energy per unit of water removed, most of the
water is separated by the centrifuge or evaporator before it reaches the dryer. Evaporator
natural gas consumption is the same across models 1, 3, and 5, as well as 2, 4, and 6. Dryer
natural gas consumption is the same in models 2 and 4.
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Figure 4-2: Electricity and Natural Gas consumption of Dry House Equipment

Annual revenue from each byproduct is shown by data presented in Figure 4-3. Revenue
from whole stillage is negative, as whole stillage is “sold” for a negative price (this is done
to maintain consistency with the treatment of other spent grains products and because this
price can be positive, as it sometimes is in CHAPTER 5). DDG(S) is the largest positive
contributor to revenue in every model with a dryer. In models without a dryer, WDG is the
largest positive contributor to revenue. Net revenue is negative for models 4, 6, and 8.
These models still, however, result in avoided expenses.
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Figure 4-3: Annual Revenue by Byproduct

The amount of revenue generated from sales of each byproduct for each model is presented
in Table 4.9.
Table 4.9: Revenue Breakdown for Each Model
Model

Whole Stillage
Sales Revenue

WDG Sales
Revenue

CDS Sales
Revenue

DDG(S) Sales
Revenue

1
2
3
4
5
6
7
8

$0
-$859,822
$0
-$859,822
$0
-$859,822
$0
-$859,822

$0
$140,860
$0
$140,860
$563,441
$281,721
$563,441
$281,721

$0
$72,667
$363,570
$145,334
$363,570
$145,334
$0
$0

$4,220,966
$943,157
$1,985,042
$496,260
$0
$0
$0
$0

The annual expenses for each model are shown by data presented in Figure 4-4. The
combined labor and facilities costs compose more than half of total annual expenses in
models 2, 4, and 6. Energy costs do not comprise a majority of expenses in any model.
While only using a centrifuge minimizes energy, facilities, and labor expenses, the high
cost of thin stillage discharge causes model 7 to have greater total expenses than models 6
and 4, and similar expenses to model 2. In fact, the thin stillage discharge cost for model 7
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is greater than any other cost in any model. The three models with the greatest expenditures
are all “full flow” models: 1, 3, and 5. Expenses are minimized when only a fraction of
each type of spent grains is processed further and as little processing steps are used.

Figure 4-4: Annual Expenses by Type

The breakdown of annual expenses is presented in Table 4.10.
Table 4.10: Expenses Breakdown for Each Model
Model

Labor
Cost

Facility
Cost

Total
Natural
Gas Cost

Total
Electricity
Cost

Thin Stillage
Discharge
Cost

Water
Discharge
Cost

1
2
3
4
5
6
7
8

$336,000
$336,000
$336,000
$336,000
$201,600
$201,600
$67,200
$67,200

$560,000
$269,000
$379,000
$234,000
$211,000
$162,000
$95,000
$72,000

$702,320
$226,104
$538,138
$193,289
$392,368
$156,846
$0
$0

$2,941
$1,471
$2,941
$1,471
$2,941
$1,471
$2,941
$1,471

$0
$0
$0
$0
$0
$0
$771,565
$308,427

$309,692
$123,797
$309,692
$123,797
$309,692
$123,797
$0
$0
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The 10% price sensitivities of total annual expenses to energy and wastewater prices for
each model are presented in Table 4.11. The 10% price sensitivity of total annual expenses
refers to the change in total annual expenses due to a 10% increase in a price. As the
equations are linear, a 10% decrease in price will have the inverse effect on expenses. For
model 1, a 10% increase in the cost of discharging wastewater would result in an increase
in total annual expenses of $30,969. Across all models, the price sensitivity to electricity
is low. For each model where natural gas is consumed, the price sensitivity of expenses to
natural gas is greater than to any other price. The greatest price sensitivity for any model,
however, is that to thin stillage for model 7.
Table 4.11: 10% Price Sensitivities of Total Annual Expenses
Model
1
2
3
4
5
6
7
8

Wastewater

Energy

Thin Stillage

Water

Natural Gas

Electricity

$0
$0
$0
$0
$0
$0
$77,156
$30,843

$30,969
$12,380
$30,969
$12,380
$30,969
$12,380
$0
$0

$70,232
$22,610
$53,814
$19,329
$39,237
$15,685
$0
$0

$294
$147
$294
$147
$294
$147
$294
$147

The 10% price sensitivities of revenue to byproduct prices are presented in Table 4.12. For
each model in which whole stillage is sold, the price sensitivity to whole stillage is either
the largest or second largest. Model 2 is the only model where the price sensitivity to
DDG(S) is larger than the price sensitivity to whole stillage. The largest three price
sensitivities are to DDG(S) in models 1, 2, and 3. The price sensitivity to CDS is not the
largest price sensitivity in any model.
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Table 4.12: 10% Price Sensitivities of Revenue
Model
1
2
3
4
5
6
7
8

Whole
Stillage
$0
-$85,982
$0
-$85,982
$0
-$85,982
$0
-$85,982

WDG

CDS

DDG(S)

$0
$14,086
$0
$14,086
$56,344
$28,172
$56,344
$28,172

$0
$7,267
$36,357
$14,533
$36,357
$14,533
$0
$0

$422,097
$94,316
$198,504
$49,626
$0
$0
$0
$0

The price sensitivity of “Net Annual Avoided Expense” to whole stillage is $146,170 for
each model. The price sensitivity of “Net Annual Avoided Expense” to whole stillage is
greater than any other price sensitivity of revenue or expenses, other than the price
sensitivity to revenue of DDG(S) in models 1 and 3. “Net Annual Avoided Expenses” are
equivalent to the cost of disposing of whole stillage in the baseline scenario, where no
dewatering system is used. As the expense is constant between models, the price sensitivity
of net annual avoided expenses to whole stillage is also constant between models.
Figure 4-5 presents the data showing the annual total sales revenue, total annual expenses,
net annual avoided expenses, and net annual cash flow for the modelled dewatering
systems. Despite negative revenue for some models, net annual cash flow is positive for all
models due to the high economic value of net annual avoided expenses. This is because a
greater amount of whole stillage is sold for a negative value (paid to remove) in the baseline
scenario with no dewatering system. The models with more dewatering equipment and
those that process more of the spent grains into DDG(S) have higher positive net annual
cash flows, as more value is added to the spent grains than is lost in the form of additional
expenses. The only models with positive profits, that is, annual revenue greater than annual
expenses, are models 1 and 3. Processing as much of the spent grains into DDG(S) as
possible is key for dry house profitability.
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Figure 4-5: Revenue, Expenses, Avoided Expenses, and Net Cash Flow for Models

Total sales revenue, total annual expenses, net annual avoided expenses, total annual social
income, and social cost of CO2e emissions for each model are shown by data presented in
Figure 4-6. Total annual social incomes are reduced relative to net annual cash flows by
the social cost of CO2e emissions. Regardless, every model has a positive total annual
social income. While model 4 has a higher net annual cash flow than model 8, it has a
lower total annual social income. Model 7 has the third highest net annual social income,
larger than that for all models but 1 and 3, despite having a lower net annual cash flow than
model 5. The three models with the highest social income are 1, 3, and 7. Those are the
“full flow” models that produce DDG(S) only, DDG(S) and CDS, and WDG only,
respectively. While both approaches with the highest annual social benefit have dryers and
do not sell any whole stillage or WDG, the next best approach sells only WDG. The
addition of an evaporator to model 7 reduces total annual social income unless it is
accompanied by a dryer.
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Figure 4-6: Cash Flows, Social Income and Social Cost of CO2e Emissions

Net annual cash flow and total capital investment for each model are shown by data
presented in Figure 4-7. Models 2, 4, and 6 are strictly dominated on these parameters by
the other models, as they each have both higher capital investment requirements and lower
net annual cash flows than alternative dewatering systems. These are the “Part Flow”
models where have of each available byproduct flow is sold rather than processed further.
The only “Part Flow” model that is not strictly dominated is model 8, which has the lowest
capital costs of any model. In this dewatering approach, half of the whole stillage is sold,
the other half is processed in a centrifuge, the WDG is sold and the thin stillage is
discharged. This approach is not possible for many distilleries, as many local wastewater
treatment systems are unable to process the high volume and BOD of thin stillage
production [4].
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Figure 4-7: Net Annual Cash Flow and Total Capital Investment

The net annual cash flow, total capital investment, and simple payback period for each
model are presented in Table 4.13. The simple payback period is simply the total capital
investment divided by the net annual cash flow. Model 7 has the shortest simple payback
period, as well as relatively low capital investment requirements. Model 1 has the second
shortest payback period and provides the highest net annual cash flow, but also has the
highest capital investment requirements. Models 3, 5, and 8 have similar payback periods
to model 1. Models 2, 4, and 6 have much longer simple payback periods. Every “part
flow” model has a longer simple payback period than its full flow counterpart.

44

Table 4.13: Annual Cash Flow, Total Capital Investment, and Simple Payback Period
Model

Net Annual Cash
Flow

Total Capital
Investment

Simple Payback Period
[years]

1
2
3
4
5
6
7
8

$3,771,710
$802,188
$2,244,537
$495,774
$1,271,106
$383,216
$1,088,432
$434,498

$20,795,000
$10,002,000
$14,093,000
$8,721,000
$7,853,000
$6,040,000
$3,538,000
$2,688,000

5.5
12.5
6.3
17.6
6.2
15.8
3.3
6.2

The total annual social income and total capital investment are shown by data presented in
Figure 4-8. Models 2, 4, 5, and 6 are strictly dominated by model 7, and models 4 and 6
are also strictly dominated by model 8. If models 7 and 8 are not viable options for a
distillery, due to an inadequate wastewater treatment system, models 5 and 6 are no longer
strictly dominated but models 2 and 4 are strictly dominated by model 5.

Figure 4-8: Total Annual Social Income and Total Capital Investment
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The total annual social income, total capital investment, and simple social payback period
for each model are presented in Table 4.14. Simple social payback period is simply the
total capital investment divided by the total annual social income. Model 7 has the shortest
simple social payback period, at 3.3 years. Model 8 has the next shortest simple social
payback period, at 6.2 years. Models 1, 3, and 5 have the next shortest simple payback
periods. Every “part flow” model has a much longer simple social payback period than its
“full flow” counterpart. The longest simple social payback period, that for model 4, is 25.6
years; this is longer than the expected system life.
Table 4.14: Annual Social Income, Capital Cost, and Simple Social Payback Period
Model

Total Annual
Social Income

Total Capital
Investment

Simple Social Payback
Period [years]

1
2
3
4
5
6
7
8

$3,210,440
$621,081
$1,813,934
$340,783
$956,517
$257,229
$1,086,116
$433,340

$20,795,000
$10,002,000
$14,093,000
$8,721,000
$7,853,000
$6,040,000
$3,538,000
$2,688,000

6.5
16.1
7.8
25.6
8.2
23.5
3.3
6.2

The net annual cash flow and total CO2e emissions are shown by data presented in Figure
4-9. The total CO2e emissions for models 7 and 8 are positive, but so small in relative terms
that they appear to be on the vertical axis. As with the comparison between net annual cash
flow and total capital investment, models 2, 4, and 6 are strictly dominated by model 7.
While model 8 is not strictly dominated by model 7, the change from model 7 to 8 results
in a relatively large increase in net annual cash flow for a relatively miniscule increase in
total CO2e emissions. Aside from models 7 and 8, increases in net annual cash flow
between models are accompanied by substantial increases in total annual CO2e emissions.
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Figure 4-9: Net Annual Cash Flow and Total CO2e Emissions

Table 4.15 presents the net annual cash flow, total CO2e emissions, and environmental
impact of cash flow for each dry house model. The environmental impact of cash flow is
calculated by dividing the total CO2e emissions for each model by its net annual cash flow.
Models 7 and 8 have the lowest environmental impact of cash flow by approximately two
orders of magnitude. These models have extremely low CO2e emissions, as they only have
a centrifuge. While these approaches have the lowest environmental impact for the
generated cash flow, the requirement to discharge thin stillage is not possible for some
distilleries [4]. For these distilleries, the model with the lowest environmental impact of
cash flow is model 1. Each of the “full flow” models results in both a higher net annual
cash flow and lower environmental impact of cash flow than its “part flow” counterpart.
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Table 4.15: Environmental Impacts of Net Annual Cash Flow Per Model
Model

Net Annual
Cash Flow

Total CO2e
Emissions [kg/year]

Environmental Impact of
Cash Flow [kg-CO2e/$]

1
2
3
4
5
6
7
8

$3,771,710
$802,188
$2,244,537
$495,774
$1,271,106
$383,216
$1,088,432
$434,498

10,260,879
3,310,912
7,872,084
2,833,461
5,751,178
2,303,234
42,334
21,167

2.72
4.13
3.51
5.72
4.52
6.01
0.04
0.05

The total annual social income and total CO2e emissions for each model are shown by data
presented in Figure 4-10. Because total annual social income includes the social cost of
CO2e emissions, models with a higher total annual social income provide greater annual
benefit to society regardless of relative emissions. Models 1, 3, and 7 have the highest total
annual social income. The high CO2e emissions for model 5 relative to its net annual cash
flow causes it to have a lower total annual social income than model 7 despite having a
higher net annual cash flow.
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Figure 4-10: Total Annual Social Income and Total CO2e Emissions

The net present value and total CO2e emissions for each model are shown by data presented
in Figure 4-11. Models 2, 4, and 6 all have a negative net present value. While model 8 has
the lowest CO2e emissions, it also has the smallest positive net present value. Model 7 has
a substantially higher net present value for a relatively minor increase in CO2e emissions
relative to model 8. While model 5 has a positive net present value, it is strictly dominated
by model 7, as model 7 has both a higher net present value and far lower CO2e emissions.
For a distillery where model 7 and 8 are not viable options due to limited wastewater
treatment capabilities, models 1, 3, and 5 are the only feasible options with positive net
present value. These are the “Full Flow” models, where all spent grains are processed as
much as possible into the highest value-added byproducts. If a distillery is unable to
discharge thin stillage, then they may want to prioritize processing spent grains as much as
possible to obtain a positive net present value, at the cost of increased CO2e emissions.
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Figure 4-11: Net Present Value and total CO2e Emissions for Each Model

Figure 4-12 presents data showing the social net present value and total CO2e emissions
for each model. Model 1 has the highest social net present value, despite having the highest
CO2e emissions. Model 7 has the second highest social net present value, despite having a
lower net present value than model 3. This is a result of the high CO2e emissions and
associated social cost for model 3. In terms of maximizing present social value, it is best
to process all spent grains into DDGS, or, barring that, to process all whole stillage in a
centrifuge and sell and discharge all of the resulting WDG and thin stillage, respectively.
If a distillery is unable to build a full dry house to process all their spent grains into DDGS
or discharge thin stillage, more limited systems that still process all whole stillage into
higher value byproducts are still beneficial.

50

Figure 4-12: Social Net Present Value and Total CO2e Emissions for Each Model

4.3

Summary

Across models, the centrifuge consumed a miniscule amount of energy compared to that
used by the dryer and evaporator in any model with those pieces of equipment. Total
evaporator energy usage is higher across all models than dryer energy usage, despite a
lower energy intensity for dewatering.
Revenue is maximized by processing all spent grains to the fullest extent possible using
available equipment, and by utilizing a dryer and producing DDGS. While energy costs are
substantial in all models with an evaporator or dryer, they comprise less than half of
expenses in every model. In models 7 and 8 the cost of discharging thin stillage dwarfs all
other expenses.
The price sensitivity of expenses is highest either to natural gas or thin stillage across
models, depending on whether thermal dewatering methods are used. The highest single
price sensitivity of revenue across models is that to DDG(S) in models which produce large
volumes of the coproduct, but the sensitivity of revenues to the price of whole stillage is
also high in any model where whole stillage is sold.
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Net annual cash flow and total annual social income are both maximized in model 1, but
model 7 provides the shortest simple payback period and simple social payback period.
Broadly, simple payback period and simple social payback period are both increased for
“part flow” models and those that have an evaporator but no dryer.
The environmental impacts of cash flow are minimized for models where WDG is sold and
thin stillage is discharged, but of the models where no thin stillage is discharged, model 1
has the lowest environmental impact of cash flow. Models 2, 4, and 6 have negative net
present value and social net present value. Models 1 and 7 have the highest social net
present value.
Benefits to both the distillery and society are maximized by models 1 and 7. Model 1 has
a higher total net present value and social net present value, but model 7 has a faster simple
payback period and simple social payback period. The “middle ground” of models where
only some portions of spent grain were processed fully, or where an evaporator was used
without a dryer, performed worse overall. Existing dry houses for Kentucky bourbon
distilleries tend to occupy this middle ground. As distilleries grow, are founded, or
otherwise need to replace their current systems, they are best served by maximizing the
value they add to spent grains.
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CHAPTER 5. MONTE CARLO SIMULATION OF DRY HOUSE ECONOMICS
The purpose of this chapter is to satisfy objective three, which is to evaluate the economic
uncertainty and risk posed by different stillage management approaches in Kentucky
bourbon distilleries.
To accomplish this, a Monte Carlo simulation was conducted for each of models 1 through
8 to evaluate the uncertainty in total sales revenue, total annual expenses, net annual
avoided expenses, net annual cash flow, total annual social income, net present value, and
social net present value for a 7 MMOPG annual production Kentucky bourbon distillery.
In a Monte Carlo simulation, model inputs are repeatedly sampled from probability
distributions to represent different possibilities for complex systems [40]. As the simulation
involves many iterations, each with different randomly sampled inputs, a range of
outcomes occur; this range can be used to assess uncertainty in outcomes [40]. Monte Carlo
simulations have been used in many fields, including engineering and project finance [41]
[42].

5.1
5.1.1

Methodology
Formulation

A Monte Carlo simulation was conducted using Microsoft® Excel® for each model in Table
4.1. Each simulation had 10,000 iterations. Energy and byproduct prices were varied in
each, but no parameters affecting mass flows, energy consumption, or CO2e emissions
were changed. The social cost of CO2e emissions, labor, facilities, thin stillage discharge,
condensate discharge, and capital costs were constant between simulations. Because the
models are linear, revenue can be calculated for any given year as
𝑅𝑅 = � 𝑅𝑅𝑛𝑛0 × 𝑃𝑃�𝑛𝑛

( 5.1 )

where 𝑃𝑃�𝑛𝑛 is the price of byproduct n normalized with respect to Pn0, the price used for
process modeling for each of models 1 through 8, Rn0 is the revenue from byproduct n
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calculated during process modeling, and n refers to each of Whole Stillage, WDG, CDS,
and DDG(S).
Similarly, total annual expenses can be calculated as
�
𝐸𝐸 = 𝐿𝐿𝐿𝐿 + 𝐹𝐹𝐹𝐹 + � 𝐸𝐸𝑙𝑙 + � 𝐸𝐸𝑚𝑚0 × 𝑃𝑃
𝑚𝑚

( 5.2 )

where 𝑃𝑃�𝑛𝑛 is the price of energy m normalized with respect to Pm0, the price used for process

modeling for each of models 1 through 8, and Em0 is the expense from energy m calculated

during process modeling, and m refers to each of electricity and natural gas. Because no

values affecting labor, facilities, or wastewater expenses are varied between simulation
iterations, these expenses are constant throughout the simulation.
Net annual avoided expenses can be calculated as
𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴0 × 𝑃𝑃�
𝑊𝑊𝑊𝑊

( 5.3 )

where AE0 is the net annual avoided expenses previously calculated during process
modeling and 𝑃𝑃�
𝑊𝑊𝑊𝑊 is the price of whole stillage normalized with respect to PWS0, the price
of whole stillage previously used for process modeling.

With total sales revenue, total annual expenses, and net annual avoided expenses calculated
from normalized prices and the social cost of CO2e emissions constant within each model,
net annual cash flow and total annual social income for each year can be calculated using
equations ( 4.30 ) and ( 4.32 ).
Discounted cash flow can be calculated as
𝑖𝑖

𝐷𝐷𝐷𝐷𝐷𝐷 = �
where CFi is the cash flow for year i.

1

𝐶𝐶𝐶𝐶𝑖𝑖
(1 + 𝐷𝐷𝐷𝐷)𝑖𝑖

Discounted social income can be calculated as
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( 5.4 )

𝑖𝑖

𝐷𝐷𝐷𝐷𝐷𝐷 = �
1

𝑆𝑆𝑆𝑆𝑖𝑖
(1 + 𝐷𝐷𝐷𝐷)𝑖𝑖

( 5.5 )

where SIi is total annual social income for year i.

Net present value and social net present value can be calculated from equations ( 4.35 ) and
( 4.36 ).
5.1.2

Price Modeling

5.1.2.1 Modeling From Historical Data
Unique prices were simulated for all 25 years of expected system lifetime in each iteration.
Historical price data were used to predict future prices for natural gas, electricity, and
DDG(S).
Historical data for the average annual industrial price of natural gas in Kentucky from 1997
through 2020 are presented in Figure 5-1 [35] [36]. The price varies substantially over this
period, as the price rose over most of the 2000’s, peaked in 2008, and then began to decline.
Within these larger trends, there is substantial variation from year to year. The price of
natural gas in 2020 is the lowest it has been throughout the dataset.
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Figure 5-1: Historical Prices of Industrial Natural Gas Use in Kentucky

Data showing the average annual industrial price of electricity in Kentucky from 1990
through 2020 is presented in Figure 5-2 [37]. While the price of electricity varies
substantially over the entire period, prices from one year to the next are very steady.

Figure 5-2: Historical Prices of Industrial Electricity Use in Kentucky
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Data showing the average annual price of DDGS in the United States from marketing years
1981/82 through 2020/21 is presented in Figure 5-3, with marketing year 1981/82
represented as calendar year 1982, marketing year 1982/3 represented as calendar year
1983, etc. [9]. The price of DDGS rose dramatically in the mid-to-late 2000’s before
reaching a peak of $255.89 per US-ton in marketing year 2012/13 and declining. In
addition to these longer-term trends, there is substantial variation in year-to-year prices.

Figure 5-3: Historical Prices of DDGS in the United States

With both substantial long-term variation and short-term year-to-year variation in historical
data for each price, each price prediction must incorporate both long-term and year-to-year
uncertainty. For each type of price, the coefficient of determination was calculated for each
year as
2

𝑅𝑅𝑖𝑖 = 1 −

2
∑𝑖𝑖+2
𝑖𝑖−2(𝑃𝑃𝑖𝑖 − 𝑓𝑓𝑖𝑖 )

2
𝑖𝑖+2
������������������
∑𝑖𝑖−2
�𝑃𝑃𝑖𝑖 − 𝑃𝑃
𝚤𝚤−2,𝚤𝚤−1,𝚤𝚤,𝚤𝚤+1,𝚤𝚤+2 �

( 5.6 )

where Ri2 is the coefficient of determination of price for year i, Pi is the price for year i, fi
is the predicted price for year i from a linear regression with years i-2, i-1, i, i+1, and i+2,
2
������������������
and 𝑃𝑃
𝚤𝚤−2,𝚤𝚤−1,𝚤𝚤,𝚤𝚤+1,𝚤𝚤+2 is the average price over the same years. Ri represents the percentage
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of change in price around year i which can be explained by changes in year. Ri2 cannot be
calculated for the first and last two prices in each dataset.
The growth factor for each year i can be calculated as
𝐺𝐺𝑖𝑖 =

where Gi is the growth factor for year i.

𝑃𝑃𝑖𝑖
𝑃𝑃𝑖𝑖−1

( 5.7 )

An adjusted growth rate accounting only for the change in price explained by multi-year
trends is calculated as
𝐺𝐺𝑖𝑖 𝑙𝑙𝑙𝑙 = 1 + (𝐺𝐺𝑖𝑖 − 1) × 𝑅𝑅𝑖𝑖 2

( 5.8 )

where Gi lt is the adjusted growth rate for year i accounting only for the change in price
explained by multi-year trends. This adjusted growth rate can be used to reconstruct the
historical prices accounting only for variation explained by multi-year trends.
These reconstructed prices accounting for long-term variation can be calculated as
𝑃𝑃𝑖𝑖 𝑙𝑙𝑙𝑙 = 𝑃𝑃𝑖𝑖−1 𝑙𝑙𝑙𝑙 × 𝐺𝐺𝑖𝑖 𝑙𝑙𝑙𝑙

( 5.9 )

where Pi lt is the reconstructed price accounting for long-term variation. Pi lt cannot be
calculated for the first and last two prices in each dataset. For the third price in each dataset,
Pi-1 lt is equivalent to Pi-1.
An adjusted growth rate for year i accounting only for the change in price that is
unexplained by long-term trends is calculated as
𝐺𝐺𝑖𝑖 𝑠𝑠𝑠𝑠 = 1 + (𝐺𝐺𝑖𝑖 − 1) × �1 − 𝑅𝑅𝑖𝑖 2 �

( 5.10 )

where Gi st is the adjusted growth rate for year i accounting only for the change in price that
is unexplained by multi-year trends. This adjusted growth rate can be used to reconstruct
the historical prices accounting only for variation not explained by multi-year trends.
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These reconstructed prices accounting for short-term variation can be calculated as
𝑃𝑃𝑖𝑖 𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑖𝑖−1 𝑠𝑠𝑠𝑠 × 𝐺𝐺𝑖𝑖 𝑠𝑠𝑠𝑠

( 5.11 )

where Pi st is the reconstructed price not accounting for long-term variation. Pi st cannot be
calculated for the first and last two prices in each dataset. For the third price in each dataset,
Pi-1 st is equivalent to Pi-1.
Data showing the historical and reconstructed prices of industrial natural gas in Kentucky
are presented in Figure 5-4. The reconstructed price accounting for short-term variation
still shows some longer-term trends, but these are greatly reduced compared to the
historical data. Likewise, the reconstructed price accounting for long-term variation still
shows some variation from year to year, but this is limited compared to the historical data.

Figure 5-4: Historical and Re-Constructed Prices of Industrial Natural Gas in Kentucky

Data showing the historical and reconstructed prices of industrial electricity in Kentucky
are presented in Figure 5-5. The reconstructed price accounting for long-term variation
nearly matches the historical price, while the reconstructed price accounting for short-term
variation is nearly flat.
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Figure 5-5: Historical and Reconstructed Prices of Industrial Electricity in Kentucky

Data showing the historical and reconstructed prices of DDGS are presented in Figure 5-6.
The reconstructed price accounting for long-term variation is smoother than the historical
data, while the reconstructed price accounting for short-term variation is about the same.
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Figure 5-6: Historical and Reconstructed Prices of DDGS

The standard deviation of each reconstructed price accounting for long-term variation can
be normalized as
𝜎𝜎�
𝑛𝑛 𝑙𝑙𝑙𝑙 =

𝜎𝜎𝑛𝑛 𝑙𝑙𝑙𝑙
𝑃𝑃𝑛𝑛0

( 5.12 )

where 𝜎𝜎�
𝑛𝑛 𝑙𝑙𝑙𝑙 is the normalized standard deviation of the reconstructed price n accounting for
long-term deviation and σn

lt

is the standard deviation of the reconstructed price n

accounting for long-term deviation.

Similarly, the standard deviation of each reconstructed price accounting for short-term
variation can be normalized as
𝜎𝜎
�
𝑛𝑛 𝑠𝑠𝑠𝑠 =

𝜎𝜎𝑛𝑛 𝑠𝑠𝑠𝑠
𝑃𝑃𝑛𝑛0

( 5.13 )

where 𝜎𝜎
�
𝑛𝑛 𝑠𝑠𝑠𝑠 is the normalized standard deviation of the reconstructed price n accounting

for short-term deviation and σn st is the standard deviation of the reconstructed price n

accounting for short-term deviation. These normalized short-and-long-term standard
deviations can be used to generate possible future prices.
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For each of natural gas, electricity, and DDG(S), the expected normalized price in year 25
was sampled from a truncated normal distribution with mean 1, standard deviation 𝜎𝜎�
𝑛𝑛 𝑙𝑙𝑙𝑙 ,
and minimum value of 0.1. In each iteration, a geometric growth rate was calculated as
�
𝐺𝐺𝐺𝐺𝑛𝑛 = 𝑃𝑃𝑃𝑃
𝑛𝑛25

1�
25

( 5.14 )

where GGn is the geometric growth rate in price for natural gas, electricity, or DDG(S) and
�
𝑃𝑃𝑃𝑃
𝑛𝑛25 is the expected normalized price in year 25.
The actual price for each year was calculated as

𝑖𝑖
�
𝑃𝑃
𝑛𝑛𝑛𝑛 = 𝐺𝐺𝐺𝐺𝑛𝑛 + 𝑈𝑈𝑛𝑛𝑛𝑛

( 5.15 )

�
where 𝑃𝑃
𝑛𝑛𝑛𝑛 is the normalized price of natural gas, electricity, or DDG(S) for year i and Uni

is the variation from the expected price due to short-term variation. Uni was sampled from
a normal distribution with a mean of 0 and a standard deviation of 𝜎𝜎
�.
𝑛𝑛 𝑠𝑠𝑠𝑠
5.1.2.2 Modeling Without Historical Data

No historical data was available for the price of whole stillage. However, distillers have, in
the past, been able to have whole stillage taken away for free or for a small, positive price
[4]. The long-term normalized standard deviation of whole stillage, 𝜎𝜎�
𝑊𝑊𝑊𝑊 𝑙𝑙𝑙𝑙 , was calculated

from two data points: the average price of whole stillage identified by KIAC assessments
and used for process modeling, negative $11 per US-ton, and $0. The short-term

normalized standard deviation of whole stillage price, 𝜎𝜎�
𝑊𝑊𝑊𝑊 𝑠𝑠𝑠𝑠 , was assumed to be equivalent
to the short-term normalized standard deviation of DDG(S) price.

While the expected year 25 normalized price for natural gas, electricity, and DDG(S) has
a minimum value of 0.1, this value may be negative for whole stillage. If the expected year
25 normalized price is negative, the geometric growth rate is also negative. Negative
geometric growth rates cannot be used to accurately model changes in price, as the modeled
prices alternate in sign each year, as implied by equation ( 5.15 ).
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Whole stillage prices are instead modeled using linear growth rates. The expected longterm change in the normalized price of whole stillage by year 25 is sampled from a normal
distribution with a mean of 0 and a standard deviation of 𝜎𝜎�
𝑊𝑊𝑊𝑊 𝑙𝑙𝑡𝑡 . The linear growth rate for
normalized whole stillage prices is instead calculated as
𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊 =

�
∆𝑃𝑃
𝑊𝑊𝑊𝑊 25
25

( 5.16 )

where LGWS is the linear growth rate for the normalized price of whole stillage, and
�
∆𝑃𝑃
𝑊𝑊𝑊𝑊 25 is the expected long-term change in the normalized price of whole stillage by year

25.

The actual price of whole stillage for each year is calculated as
𝑃𝑃�
𝑊𝑊𝑊𝑊 𝚤𝚤 = 𝐿𝐿𝐿𝐿𝑊𝑊𝑆𝑆 × 𝑖𝑖 + 𝑈𝑈𝑊𝑊𝑊𝑊 𝑖𝑖

( 5.17 )

where 𝑃𝑃�
𝑊𝑊𝑊𝑊 𝚤𝚤 is the normalized price of whole stillage for year i and UWS i is the variation
from the expected price due to short-term variation. UWS i was sampled from a normal
distribution with a mean of 0 and a standard deviation of 𝜎𝜎�
𝑊𝑊𝑊𝑊 𝑠𝑠𝑠𝑠 .

While some historical data is available for the price of corn WDG in several midwestern
states, no such data is available for Kentucky [38]. As presented in Figure 5-7, movements
in the price of corn WDG in these midwestern states are associated with movements in the
price of DDGS. However, this does not seem to be true of WDG from bourbon produced
in Kentucky [4]. A potential reason for the substantially lower price of WDG from
Kentucky bourbon distilleries is local market conditions.
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Figure 5-7: The Historical Price of DDGS and Corn WDG in Some Midwestern States

While most dry animal feeds, including DDGS, are priced primarily based on their
nutritional content, distillers must typically pay farmers to haul away whole stillage [7] [3]
[4]. The price of spent grains products with high moisture contents is discounted due to
their short shelf-lives and increased transportation costs. Removing water from whole
stillage increases the market radius and the price, but price is still influenced by competition
from other distilleries [3] [4]. The large fraction of spent grains sold by Kentucky bourbon
distilleries as whole stillage, WDG, and CDS likely saturates local markets, driving down
the cost of these high-moisture feeds. The price of WDG is likely influenced both by
national feed prices, including that of DDGS, as well as the price of whole stillage sold by
other local distilleries.
The normalized price of WDG is calculated as
�
�
𝑃𝑃�
𝑊𝑊𝑊𝑊𝑊𝑊 𝚤𝚤 = 𝑊𝑊𝑊𝑊𝑊𝑊 × 𝑃𝑃𝑊𝑊𝑊𝑊 𝚤𝚤 + 𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆) × 𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆) 𝚤𝚤

( 5.18 )

where 𝑊𝑊𝑊𝑊𝑊𝑊 and 𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷(𝑆𝑆) are weights established for a WDG price of $10 per US-ton, a
DDG(S) price of $125 per US-ton [4], and a whole stillage price of negative $11 per US-

ton.
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The normalized price of CDS is calculated based its protein content relative to WDG. As
the protein contents of both CDS and WDG are constant, the price of CDS is a constant
fraction of the price of WDG. Thus, the normalized price of CDS is the same as the
normalized price of WDG.
5.2

Analysis

Figure 5-8 presents data showing the average total sales revenue, total annual expenses, net
annual avoided expenses, and net annual cash flows for each of the dewatering approaches
analyzed over a 25-year period, as well as the 95% confidence intervals for each value.
There is 95% confidence that each model has an average 25-year average positive net
annual cash flow, however models 4, 6, and 8 may have very small positive average cash
flows. Uncertainty in average net annual avoided expenses is greater than the uncertainty
in any other contributor to net annual cash flow.

Figure 5-8: 95% Confidence Intervals for 25-Year Average Cash Flows

Uncertainty in 25-year average net annual avoided expense is also greater than 25-year
average net annual cash flow in every model except 1 and 3. Net annual avoided expenses
is solely influenced by the price of whole stillage. In any model where whole stillage is
sold, part of the effect of changes in the price of whole stillage in revenue are cancelled by
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the effect on net annual avoided expenses. This contributes to markedly lower uncertainties
in 25-year average net annual cash flow in models 2, 4, 6, and 8, wherein half of all whole
stillage produced is sold. Only models 1, 3, 5, and 7 have 25-year average sales revenues
which can be said with 95% confidence to be positive. In these models, all stillage is
processed to the extent possible with available equipment. The sales of higher value-added
byproducts in these models, and, crucially, not selling whole stillage, contributes to higher
revenues.
While the 95% confidence intervals presented in Figure 5-8 are real and independently
meaningful, they do not accurately represent the overlap in relative performance between
different models. Figure 5-9 presents data showing the 25-year average net annual cash
flow for models 1 and 3 for every iteration of the simulation. While there is substantial
uncertainty in the net annual cash flow for both models, as seen in Figure 5-8, the
performance of the models in response to different price conditions are highly correlated.
Under price conditions where model 1 has a higher 25-year average net annual cash flow
than is typical, model 3 also likely has a higher 25-year average net annual cash flow than
normal, and vice versa. While there is substantial overlap in the confidence intervals for
25-year net annual cash flow for models 1 and 3 as presented in Figure 5-8, model 1 has a
higher 25-year net annual cash flow than model 3 in every iteration of the Monte Carlo
simulation.
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Figure 5-9: Model 1 and 3 25-Year Average Net Annual Cash Flow Across Iterations

Table 5.1 presents the true overlap in 95% confidence intervals for 25-year average net
annual cash flows across the models. A value of 0% means that there are no iterations of
the Monte Carlo simulation where the model with the lower average 25-year average net
annual cash flow had a higher 25-year average net annual cash flow than the other model.
In 14.56% of simulations, model 7 had a lower net annual average cash flow than model
2. Models 2 and 7, 4 and 8, and 6 and 8 are the only models for which it cannot be said
with 95% confidence that the model with the higher average 25-year average net annual
cash flow will have a higher average 25-year average net annual cash flow.
Table 5.1: True Overlap in 25-Year Average Net Annual Cash Flow Outcomes
Model

2

3

4

5

6

1
2
3
4
5
6
7

0.00%

0.00%
0.00%

0.00%
0.00%
0.00%

0.00%
1.41%
0.00%
0.03%

0.00%
0.00%
0.00%
0.02%
0.02%
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7

8

0.00% 0.00%
14.56% 0.00%
0.00% 0.00%
1.78% 11.32%
2.46% 0.02%
0.94% 9.66%
1.01%

Data showing the 25-year average total sales revenue, total annual expenses, net annual
avoided expenses, total annual social income, and total social cost of CO2e emissions, as
well as 95% confidence intervals, are presented in Figure 5-10. It cannot be said with 95%
confidence that models 4 and 6 have a positive 25-year average total annual social income.
Of the models in which whole stillage is sold, only half, models 2 and 8, have a 25-year
average total annual social income that is confidently greater than zero. Every “Part Flow”
model, including 2, 4, 6, and 8, has a lower net social income than its “Full Flow”
counterpart. They also exhibit reduced uncertainty in total annual social income. This is
partially because the sensitivity of revenue to whole stillage and the sensitivity of net
annual avoided expenses to whole stillage have opposite signs. The effects of movements
in the price of whole stillage are thus buffered in scenarios where some is sold.

Figure 5-10: 95% Confidence Intervals for 25-Year Average Social Income Cash Flows

Table 5.2 presents the true overlap in 95% confidence intervals for total annual social
income across the models. Only for models 2 and 5 and 5 and 7 can it not be said with 95%
confidence that the model with the higher average 25-year average total annual social
income has the higher 25-year average social income. Other model pairs have overlaps
approaching the 5% threshold; models 2 and 5 and 4 and 8 each half overlaps of greater
than 4%.
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Table 5.2: True Overlap in Total Annual Social Income Outcomes
Model

2

3

4

5

6

7

8

1
2
3
4
5
6
7

0.00%

0.00%
0.01%

0.00%
0.00%
0.00%

0.00%
5.80%
0.00%
0.37%

0.00%
0.00%
0.00%
0.75%
0.31%

0.00%
4.54%
0.00%
0.37%
9.48%
0.33%

0.00%
1.01%
0.00%
4.23%
1.55%
0.00%
1.03%

Data showing the 25-year average net annual cash flow and total capital investment are
presented in Figure 5-11. Despite the uncertainties in 25-year average annual cash flows,
it can still be said with 95% confidence that models 2, 4, and 6 are dominated by other
models. Model 2 is dominated by model 5, model 6 is dominated by model 7, and model 4
is dominated by both models 5 and 7. While model 1 certainly has a higher 25-year average
annual cash flow than every other model excluding model 3, it also has a much higher
capital cost than the other models. Similarly, the 95% confidence interval for model 3 is
higher than the upper confidence bounds for models 4, 6, and 8, at the cost of substantially
increased capital costs. Models 7 and 8 have similar 25-year average net annual cash flows
as models with much higher capital costs, but they are only feasible options for distilleries
which can discharge large volumes of high-BOD wastewater [4].
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Figure 5-11: Capital Cost and 95% Confidence 25-Year Average Annual Cash Flow

Data showing the capital investment cost and the uncertainty in the 25-year average total
annual social income for each model are presented in Figure 5-12. Despite having higher
capital costs than multiple other models, models 4 and 6 have zero 25-year average total
annual social incomes included in their 95% confidence intervals. These are the “Part
Flow” models for a full dry house producing DDG and CDS and WDG and CDS,
respectively. It can be said with 95% confidence that these models are both strictly
dominated by models 7 and 8. For a greater capital investment, their “Full Flow”
counterparts, models 3 and 5, respectively, produce substantially higher 25-year average
total annual social incomes.
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Figure 5-12: Capital Investment and 95% Confidence 25-Year Average Social Income

Figure 5-13 presents data showing the uncertainty in the 25-year average net annual cash
flow for the models as well as CO2e emissions. While it can be said with 95% confidence
that models 4 and 6 are strictly dominated by model 7, the same cannot be said for model
2 with respect to model 7. While model 2 certainly results in substantially higher CO2e
emissions than model 7, model 2 has a higher 25-year average net annual cash flow in
14.56% of iterations. Models 4 and 6 both result in substantially higher 25-year average
CO2e emissions than model 8, but have an overlap of 11.32% and 9.66%, respectively, in
95% confidence intervals for 25-year net average annual income. This means they emit far
more CO2e without a significant change in 25-year average net annual income.

71

Figure 5-13: CO2e Emissions and 95% Confidence 25-Year Average Annual Cash Flow

Table 5.3 presents the 95% confidence intervals in the environmental impact of net annual
cash flow for each model. There is substantial overlap in the 95% confidence intervals for
the environmental impact of cash flow for each of models 1 through 6. The 95% confidence
intervals of the environmental impact of cash flow for models 7 and 8 are far lower than
those of the other models but overlap with each other.
Table 5.3: 95% Confidence Intervals in Environmental Impacts of Cash Flow
Net Annual Cash Flow
Model

2.5%
Lower
Bound

97.5%
Upper
Bound

Total CO2e
Emissions
[kg/year]

Environmental
Impact of Cash
Flow [kg-CO2e/$]
(2.5%, 97.5%)

1
2
3
4
5
6
7
8

$2,484,332
$371,314
$1,184,883
$106,762
$444,060
$55,048
$182,307
$73,663

$5,071,714
$1,242,365
$3,316,065
$889,770
$2,112,160
$719,843
$2,011,756
$800,343

10,260,879
3,310,912
7,872,084
2,833,461
5,751,178
2,303,234
42,334
21,167

(2.02, 4.13)
(2.67, 8.92)
(2.37, 6.64)
(3.18, 26.54)
(2.72, 12.95)
(3.2, 41.84)
(0.02, 0.23)
(0.03, 0.29)
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Figure 5-14 presents data showing the CO2e emissions and the uncertainty in 25-year
average total annual social income for each model. It can be said with 95% confidence that
models 2, 4, and 6 are strictly dominated by model 7. Despite having much higher total
CO2e emissions, it cannot be said with 95% confidence that model 5 has a higher 25-year
average total annual social income than model 2. It also cannot be said with 95%
confidence that model 5 is strictly dominated by model 7, despite substantially higher total
CO2e emissions and a lower average 25-year average total annual social income.

Figure 5-14: Emissions and 95% Confidence 25-Year Average Annual Social Income

Figure 5-15 presents data showing total annual CO2e emissions and the uncertainty in 25year average net present value. Models 2, 4, 5, 6, and 8 all have $0 within the 95%
confidence interval for their net present value. It can only be said with 95% confidence that
models 1, 3, and 7 have positive net present values. These are the models with dryers, and
the model where all whole stillage is centrifuged and thin stillage is discharged. There are
no “part flow” models or models with an evaporator but no dryer that confidently have a
positive net present value.
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Figure 5-15: CO2e Emissions and 95% Confidence 25-year Average Net Present Value

Table 5.4 presents the true overlap in 95% confidence intervals for net present value. All
models have net present values which can be distinguished with 95% confidence except
models 2 and 6.
Table 5.4: True Overlap in Outcomes for Net Present Value
1
2
3
4
5
6
7

2

3

4

5

6

7

8

0.00%

0.00%
0.00%

0.00%
0.00%
0.00%

0.00%
0.01%
0.00%
0.00%

0.00%
6.36%
0.00%
0.00%
0.01%

0.00%
0.01%
3.44%
0.00%
1.04%
0.01%

0.00%
0.00%
0.19%
0.00%
1.69%
0.00%
0.30%

Figure 5-16 presents data showing the total CO2e emissions and the uncertainty in the
social net present value for each model. All models except 1 and 7 have negative average
values or have $0 included in the 95% confidence confidence interval. Only models 1 and
7 can be said with 95% confidence to have a positive social net present value. Models 3, 5,
and 8 have positive average social net present values, but these values become negative
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under some price scenarios. It can be said with 95% confidence that both model 4 and
model 6 have negative social net present values. To maximize social net present value, a
distillery should have a full dry house that processes all spent grains into DDGS. If this is
not an option, the next best choice is a centrifuge only to produce WDG and discharge thin
stillage. All other options have the risk of negative social net present value.

Figure 5-16: CO2e Emissions and 95% Confidence Social Net Present Value

Table 5.5 presents the true overlap in 95% confidence intervals for social net present value.
Social net present values for Models 2 and 6, 3 and 7, 3 and 8, and 5 and 8 cannot be
distinguished from each other at the 95% confidence level.
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Table 5.5: True Overlap in Outcomes for Social Net Present Value
1
2
3
4
5
6
7
5.3

2

3

4

5

0.00%

0.00%
0.02%

0.00%
0.00%
0.00%

0.00%
0.07%
0.20%
0.01%

6

7

8

0.00% 0.91% 0.11%
31.42% 0.00% 0.00%
0.15% 10.59% 7.19%
0.00% 0.00% 0.00%
0.28% 0.00% 31.80%
0.00% 0.00%
0.30%

Summary

While it can be said with 95% confidence that each model has a positive 25-year average
net annual cash flow, that cannot be said for 25-year average social income. Models 4 and
6 may have negative 25-year average social income. All “part flow” models have lower
25-year average net annual cash flow and 25-year average total social income than fullflow alternatives.
Models 7 and 8, where only a centrifuge is used, have lower environmental impacts of cash
flow than the other models, though uncertainty is high for all models.
Only models 1, 3, and 7 can be said with 95% confidence to have positive net present
values. All other models have average negative net present values or 95% confidence
intervals which include $0. These are the full flow models where only DDGS is produced,
only DDG is produced, and only WDG is produced, respectively. No model with an
evaporator and no dryer has a positive net present value. While an evaporator is an essential
component of a complete dry house, it is not worth the investment if not accompanied by
a dryer.
Only models 1 and 7 can be said with 95% confidence to have positive social net present
values. These approaches are processing all spent grain into DDGS, and producing WDG
and thin stillage and discharging the thin stillage.
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CHAPTER 6. CONCLUSIONS
This work had three objectives: to survey the landscape of stillage management processes
used by Kentucky bourbon distilleries, to evaluate the energy, economic, and
environmental considerations of typical stillage management approaches available to
Kentucky bourbon distilleries, and to evaluate the economic uncertainty and risk posed to
Kentucky bourbon distillers by these different stillage management approaches.
The first objective, to survey the landscape of stillage management processes used in
Kentucky by bourbon distillers, was achieved by the analysis of information obtained
during KIAC energy assessments of distilleries, as well as information provided by
distillers. Distillers tend to view stillage as a problem, not an opportunity, and use the
simplest means to eliminate this problem rather than invest in turning spent grains into an
additional source of revenue.
While DDGS is the primary coproduct from the fuel ethanol industry, no surveyed
Kentucky distilleries only produces DDGS. Of the nine surveyed distilleries, only one
produces and sells DDGS at all, and this distillery sells a substantial fraction of its spent
grains as whole stillage, CDS, and possibly WDG. Many distilleries had partial dry houses,
and may have a centrifuge only, a centrifuge and an evaporator, or a centrifuge, evaporator,
and dryer but only produce DDG and CDS. There is also a transition region in stillage
management approaches with regards to distillery size. Distilleries smaller than 6 million
OPG annual alcohol production do not have dry houses and sell whole stillage, distilleries
large than 7.5 million OPG have some dewatering systems and sell some co-products,
while facilities in between may use either approach.
The second objective, to evaluate the energy, economic, and environmental considerations
of typical stillage management approaches available to Kentucky distillers, was
accomplished by the modeling of 8 alternative dry houses. Centrifuges have a negligible
impact on the energy consumption of a dry house. While evaporators are less energyintensive than dryers, the evaporator consumed more energy than the dryer in every dry
house modeled. Despite this, the revenue from DDG(S) produced by the dryer dwarfed the
revenue from CDS produced by the evaporator in every model with a dryer.
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Despite high energy usage, energy costs were outweighed by labor and facilities costs in
every model. The cost of thin stillage discharge from facilities with a centrifuge but no
evaporator is also high. In terms of simple payback period, using only a centrifuge to sell
WDG and discharge thin stillage performed best, followed by a full dry house producing
only DDGS. Models where some of each spent grains product were sold rather than
processed further and models with an evaporator but no dryer had longer simple payback
periods. In terms of simple social payback period, both models with only a centrifuge
performed better than all other models. The model with a full dry house producing DDGS
was a close third. Models with only a centrifuge also have dramatically reduced
environmental emissions per dollar of annual cash flow generated, with, again, a full dry
house producing DDGS the third best approach.
With the exception of the model with only a centrifuge, each model where some of each
spent grains product was sold rather than processing further had a net present value and
social net present value which could be negative. A full dry house producing only DDGS
had the highest net present value and social net present value. A dry house with a centrifuge
producing only WDG and discharging thin stillage had the second highest social net present
value and the third highest net present value, while a dry house with a dry house producing
DDG and CDS had the second highest net present value and the third highest social net
present value.
Those models where only a fraction of each spent grains product was processed further and
those with an evaporator and no dryer performed worse, economically, than other
alternatives across a variety of economic indicators. These are the models which most
accurately reflect the current stillage management practices of Kentucky bourbon distillers.
To maximize value for both themselves and society, Kentucky bourbon distilleries should
invest in maximizing the amount of spent grains turned into DDGS or, if that is not an
option for a distillery, to produce only WDG and discharge thin stillage.
The third objective, to evaluate the economic uncertainty and risk posed to Kentucky
bourbon distillers of the different available stillage management approaches, was satisfied
by a Monte Carlo simulation of each of the modeled dry houses.
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It can be said with 95% confidence that each modeled dry house has positive 25-year
average net annual cash flows, but this is not the case for net annual social incomes. Models
4 and 6, the “part flow” models for a dry house producing DDG and CDS and for a dry
house producing WDG and CDS, may have negative 25-year average net annual social
incomes. The uncertainty in the environmental impacts of net annual cash flow are high,
but models with only a centrifuge have dramatically lower emissions per dollar of cash
flow than more complete dry houses.
Only three models that produce DDGS only, DDG and CDS only, and WDG only while
discharging thin stillage, can be said with 95% confidence to have positive net present
values. All other models, which more accurately represent the existing approaches typically
used by Kentucky bourbon distilleries, may have negative net present values. Only the
models which produce DDGS only and WDG only while discharging thin stillage can be
said with 95% confidence to have positive social net present value.
As more Kentucky bourbon distilleries adopt dewatering stillage, they should either only
use a centrifuge to produce WDG and discharge thin stillage or they should use a full dry
house and produce exclusively DDGS. The intermediate alternatives or attempting to
continue to sell some fraction of spent grains as whole stillage without further processing
have negative impacts on both a distillery and society.
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CHAPTER 7. FUTURE WORK
The energy and economic modeling of alternative stillage dewatering systems could
provide insight into possible stillage management alternatives for Kentucky bourbon
distillers. Filtration technologies, including microfiltration, ultrafiltration, and reverse
osmosis, can be used to concentrate whole and thin stillage while requiring substantially
less energy than traditional dewatering methods. The energy, economic, and environmental
modeling of alternative end-uses for stillage should also be explored, including its use as a
feedstock for anaerobic digestors to produce biogas. Biogas produced from stillage can be
used on-site by the distillery to reduce site energy consumption.
This work assumes that the composition of bourbon stillage is comparable to that of corn
stillage. A detailed investigation of the properties of bourbon stillage, and the incorporation
of that data into techno-economic analyses of stillage processing, could shed further light
on stillage dewatering for Kentucky bourbon distillers.
The incorporation of indirect CO2e emissions into dewatering systems modeling could
provide a more complete understanding of the environmental and social impacts of stillage
dewatering systems. Stillage dewatering greatly increases the nutritional density of the
spent grains, reducing transportation costs and associated emissions on a per-mile basis.
However, low-moisture DDGS can be transported substantially longer distances than highmoisture whole stillage. The emissions from byproduct transportation could play a
significant role in the environmental and social impact of stillage processing.
The effects of Indirect Land Usage Change (ILUC) from the discharge of thin stillage
should also be explored and incorporated into environmental models of dry houses. ILUC
is typically investigated as the result of the consumption of agricultural products to produce
biofuels [43]. Consumption of agricultural products to produce biofuels increases demand
for said agricultural product, which, through economic mechanisms, results in an increased
amount of land used for agriculture. The clearing of land for agricultural production results
in the emission of carbon stored as biomass [43]. For fuel ethanol production from corn,
the production of DDGS offsets some of the increased demand for corn, partially mitigating
land usage changes and the resulting environmental impact [43]. The discharge of thin
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stillage, and the loss of nutritional value contained therein, likely reduces this mitigating
effect.
Some techniques and considerations from real options analysis could also be applied to
Monte Carlo simulations of stillage dewatering systems [42]. There is a real option for a
distillery to “wait and see” future market conditions, including byproduct and energy
prices, before investing in a dry house. The ability of management to respond to future
conditions should also be considered; in a future year where dry house operations would
lead to negative cash flow, management could choose to forgo dewatering operations and
instead sell only whole stillage. Accounting for intelligent future decision making could
reduce or eliminate the risk of negative future cash flows.
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APPENDICES
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APPENDIX 1. ABBREVIATIONS
BOD: Biochemical Oxygen Demand
CDS: Condensed Distillers’ Solubles
DDG: Dried Distillers’ Grains
DDGS: Dried Distillers’ Grains with Solubles
KIAC: Kentucky Industrial Assessment Center
MMOPG: Million Original Proof Gallons of alcohol
OPG: Original Proof Gallons of alcohol
RO: Reverse Osmosis
SCC: Social Cost of Carbon
UF: Ultrafiltration
WDG: Wet Distillers’ Grains
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APPENDIX 2. DEFINITIONS
Backset: A portion of whole or thin stillage added to the mash to produce beer.
Biochemical Oxygen Demand: Amount of dissolved oxygen which may be removed from
liquid solution by biochemical processing of its contents.
Condensed Distillers’ Solubles: A concentrated solution of the soluble components
contained in whole stillage, produced by processing of thin stillage in an evaporator.
Discount Rate: A decimal value between 0 and 1 used to relate the value of future cash
flows to present value.
Discounted Cash Flow: The present value of all future cash flows, discounted based upon
when they occur.
Discounted Social Income: The present value of all future social incomes, discounted
based upon when they occur.
Dried Distillers’ Grains with Solubles: Low-moisture solids produced by drying of a
combination of wet distillers’ grains and condensed distillers’ solubles.
Dried Distillers’ Grains: Low-moisture solids produced by drying of wet distillers’ grains.
Expenses: Money paid by the distillery for utilities or other expenses.
Facility Cost: The annual cost of maintenance and associated expenses to maintain and
support equipment.
Labor Cost: The annual cost of labor to operate equipment.
Net Annual Avoided Expenses: Expenses the distillery would have had to pay if no dry
house were used.
Net Annual Cash Flow: The cash flow generated for the distillery by the dry house,
including revenue and avoided expenses, minus expenses.
Net Present Value: The present value of an investment, equivalent to discounted cash flow
minus total capital investment.
Revenue: Money received by the distillery in exchange for the sale of byproducts.
Social Cost of Carbon: The marginal cost to society of Carbon Dioxide emissions,
including but not limited to decreased agricultural yields, increased health expenses,
property destruction due to sea rise and extreme weather, etc.
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Social Net Present Value: The present value of an investment to society, equivalent to
discounted social income minus total capital investment.
Thin Stillage: The centrate produced by centrifugation of whole stillage.
Total Annual Social Income: Total annual benefit to society, including benefits to the
distillery. Equivalent to Net Annual Cash Flow minus social costs.
Wet Distillers’ Grains: The high-moisture cake produced by centrifugation of whole
stillage.
Whole Stillage: The unprocessed byproduct of distillation, containing all solids and most
of the water of the distilled solution.
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APPENDIX 3. EQUATION TERMINOLOGY
Variables
AE: Net Annual Avoided Expenses
C: Constant
CC: Social Cost of Carbon
CDS: Condensed Distillers’ solubles
CF: Net Annual Cash Flow
CI: Total Capital Investment
DCF: Discounted Cash Flow
DDG(S): Dried Distillers Grains with or without Solubles
DR: Discount Rate
DSI: Discounted Social Income
E: Total Annual Expense
EC: Electricity Consumption
EE: CO2e emissions
EI: Energy Intensity
f: Predicted price from linear regression
FC: Annual Facility Cost
G: Growth factor
GC: Natural Gas Consumption
GG: Geometric growth rate
H2O: Condensate
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LC: Annual Labor Cost
LG: Linear Growth Rate
NPV: Net Present Value
P: Price
PE: Expected price
PS: Price Sensitivity
R: Total Sales Revenue
R2: Coefficient of Determination
SI: Social Income
SNPV: Social Net Present Value
TS: Thin Stillage
U: Variation from expected price due to short-term variation
W: Weight
WDG: Wet Distillers’ Grains
WS: Whole Stillage
σ: standard deviation

Prefixes
%: indicates a decimal value between 0 and 1
Δ: indicates a change

Subscripts
%H2O: water content of a material, as a decimal value between 0 and 1
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0: for the current year
AE: related to net annual Avoided Expenses
back: amount backset
cent: related to centrifuge
CO2e: related to CO2e
DDG(S): related to Dried Distillers’ Grains with or without Solubles
disc: amount discharged
dry: related to dryer
EC: related to Electricity Consumption
evap: related to evaporator
exh: amount exhausted
GC: related to natural Gas Consumption
i: year
l: refers to each type of wastewater, thin stillage and water
lt: relating to long-term (multi-year) trends or variation
m: refers to each type of energy, electricity and natural gas
n: refers to each byproduct, including whole stillage, WDG, CDS, and DDG(S)
prod: amount produced
sold: amount sold
st: relating to short-term variation
TSback: related to thin stillage backset
WDG: related to Wet Distillers’ Grains
WS: related to Whole Stillage
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WSback: related to whole stillage backset

Accents:
� : Arithmetic mean
� : Normalized
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